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A.  Introduction  and  Overview 

Our  work  on  the  electronic  and  atomic  structure  of  surfaces  and  inter¬ 
faces  of  the  I1I-V  compound  semiconductors  and  Si  has  proceeded  in  numerous 
directions.  These  include:  1)  the  interfaces  of  the  column  IV  elemental 
semiconductors,  Ge  and  Si,  with  various  metals,  especially  the  transition 
and  noble  metals;  2)  studies  of  the  XII-V  compound  semiconductor  surfaces, 
as  well  as  the  individual  column  III  and  column  V  constituents  of  the  compounds; 
3)  the  continued  refinement  of  the  unified  defect  model  for  surface  and 
interface  states  formation  on  the  III-V  compound  semiconductors  (developed 
by  our  group) ,  including  a  comphrehensive  comparison  between  our  results 
and  the  work  of  others;  4)  the  continued  exploitation  of  synchrotron 
radiation  in  photoemission  and  other  studies;  5)  the  successful  application 
of  fundamental  studies  by  our  group  to  useful  and  new  electronic  device 
structures;  6)  the  purchase  of  a  laser  for  use  in  a  wide  range  of  surface 
studies  which  include  surface  recombination  and  enhanced  oxidation  behavior; 
and  7)  the  preparation  and  testing  of  an  ultrahigh  vacuum  chamber  for 
preliminary  clearving__and^photo luminescence  studies. 

Extensive  discussion  of  many  of  these  topics  mav  be  found  in  the 
following  pages.  Additional  discussion  of  those  and  other  subjects 
appears  in  our  earlier  progress  reports  and  contract  renewal  proposals. 


B.  Summary  review:  Si/metal  interfaces 

We  have  extended  our  investigations  of  the  valence  band  structure  of 
Si/metal  interfaces  to  the  Si/Mo3-  (refractory  metal)  and  Si/Yb2  (rare  earth) 
systems. 

By  applying  the  Cooper  minimum  method2  of  h  dependent  photoemission 
to  the  Si/Mo  valence  band  we  were  able  to  distinguish  the  main  features 
of  the  bonding  mechanisms  at  this  interface.  In  the  coverage  interval 
between  0.5  and  20  monolayers  (ML),  the  room  temperature  (RT)  deposition 
of  Mo  onto  vacuum  cleaved  Si (111)  2x1  surfaces  produced  a  mixed  phase 
in  which  the  electronic  structure  is  a  hybridization  of  Mo  4d  and  Si  3p 
electrons.  This  conclusion  comes  from  the  analysis  of  the  Cooper  minimum 
data,  changes  in  the  Si  contributions  to  the  valence  band,  and  the  hv 
dependence  of  the  different  peaks  having  d-character.  These  results 
confirm  our  previous  explanation  of  the  Si/near-noble  metal  interfaces, 
and  support  that  the  main  features  of  such  a  scheme3  are  valid  also 
for  the  Si/refractory  metal  interfaces  (i.e.  d  orbitals  with  a  low  occupation 
number).  X-ray  photoemission  and  Auger  electron  spectroscopies  indicate 
intermixing  and  the  changes  in  the  Si  lineshape  also  shows  that  the 

density-of-states  (DOS)  of  the  Si  atoms  in  the  mixed  region  is  different  from 
that  of  pure  Si. 

The  Si/Yb  system  has  been  prepared  in  a  similar  way  in  ultra-high  vacuum, 
and  the  evolution  of  the  valence  band  (V.B.)  energy  distribution  curves  versus 
Yb  coverage  has  been  followed  by  synchrotron  radiation  photoemission  of 
valence  and  core  states,  and  photon  stimulated  Si  L2>3VV  Auger  lineshape 
spectroscopy.  The  V.  B.  DOS  is  dominated  by  Yb  4f  emission.  The  4f 
peak  shifts  toward  the  bulk  Yb  binding  energy  position  (close  to  Ep) 
with  increasing  coverage.  At  the  1  and  2  ML  coverages  evidence  of  a 
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chemical  reaction  between  Si  and  Yb  are  given  both  by  the  position  and 
shape  of  the  Yb  4f  emission/  and  by  the  presence  of  a  chemically  shifted 
Si  2p  peak  along  with  the  unshifted  Si  peak.  The  reaction  kinetics 
appear  to  be  low  at  RTr  and  a  Yb  rich  layer  is  obtained  by  4  monolayers. 

A  higher  thermal  activation  energy  appears  to  be  necessary  to  enhance 
mixing  and  compound  formation. 

other  Si/  and  Ge/metal  interfaces  have  been  studied:  Si/Ba  and  Ge/Au. 

The  analysis  of  the  data  on  these  systems  is  in  progress. 

1.  G.  Rossi,  I.  Abbati,  L.  Braicovich,  I.  Lindau,  and  W.  E.  Spicer,  to 
be  published  in  J.  Vac.  Sci.  Technol. 

L.  Braicovich,  S.  Nenarone,  V.  del  Pennino,  w.  E.  Spicer,  I.  Lindau, 

I.  Abbati,  and  G.  Rossi,  Abstract  to  the  16th  International  Conf.  on  the 
Physics  of  Semiconductors,  Montpellier  (1982). 

2.  G.  Rossi,  S.  Nanarone,  V.  del  Pennino,  I.  Abbati,  L.  Braicovich,  X.  Lindau, 
and  W,  E.  Spicer  to  be  published. 

3.  G.  Rossi,  I.  Abbati,  L.  Braicovich,  I.  Lindau,  and  w.  E.  Spicer,  Solid 
State  Comm.  39,  195  (1980). 
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Ge-Ag  interface  at  room  temperature:  An  energy-dependent 
photoemission  study 

G.  Rossi,  I.  Abbati  ,*  L.  Braicovich,*  I.  Lindau,  and  W.  E.  Spicer1 
Stanford  Electronics  Laboratory,  Stanford  University,  Stanford,  California  94305 
(Received  28  August  1981) 

The  electronic  structure  of  the  Ge(l  1  D-Ag  interface  has  been  studied  using  synchrotron 
radiation  photoemission  of  the  valecce  band  at  hv« 40.8,  80,  and  130  eV  (Cooper 
minimum  for  Ag4d  electrons)  and  of  the  Ge3 d  and  Ag  3d  core  lines  at  Av«  120  and  450 
eV,  respectively.  By  using  extensively  the  Cupper-minimum  techniques  it  was  clearly 
demonstrated  that  in  the  first  monolayers  a— 3)  a  strong  chemical  interaction  takes  place 
between  Ge  and  Ag  at  room  temperature  with  incorporation  of  Ag  into  the  Ge  surface 
lattice.  Further  Ag  growth  on  top  of  the  intermixed  region  follows  the  Stransky- 
Krostanov  mechanism  with  almost  pure  Ag  island  formation.  The  present  data  consti¬ 
tute  the  fust  evidence  of  intermixing  at  the  Ge-Ag  interface. 

MS  code  no.  BH2120  1977  PACS  numbers:  73.40-e,  79.60.Eq 
L  INTRODUCTION  \  which  considerable  experimental  efforts  have  been 

devoted  to  the  growth  of  submonolayer  films  in 
^  order  to  follow,  step  by  step,  the  formation  of  the 
The  elemental  semiconductor— noble-metal  inter-  l  first  Ag  monolayer.  The  most  relevant  changes  in 
face  is  a  subject  of  great  interest  and  a  growing  \  the  interface  chemistry  are  expected  in  this  cover- 
number  of  systematic  studies  have  recently  ap-  age  interval. 

p eared  in  the  literature.1-1  One  of  the  reasons  for  Taking  advantage  of  the  unique  tunability  of 

this  interest  is  that  no  stable  bulk  compounds  (i.e^  synchrotron  radiation  (SR),  we  have  exploited  ener- 
stable  silicides  or  germanides)  are  known  for  these  gy  dependent  photoemission,  obtaining  valence-  i 

systems,  and  contrary  to  the  case  of  the  reactive  band  energy  distribution  curves  (EDC*s)  at  the  j 

“d”  metal-semiconductor  systems,*  the  formation  Cooper  minimum  for  the  Ag4d  orbitals  (A  v=»  130  i 

of  an  abrupt  interface  could  be  expected  when  the  eV),  where  the  d  cross  section  for  photoionization  j 

noble  metal  is  deposited  on  top  of  a  semiconductor  is  strongly  reduced  and  the  substrate  valence  densi- 
surface,  as  the  traditional  model  for  the  Schottky  ty  of  states  can  be  revealed,  and  at  two  photon  en- 

barrier  assumes.19  In  the  cases  of  Si  +■  Au  and  ergies  (Av= 40.8  and  80  eV)  where  the  metal  d  con- 

Si  +  Cu,1,1*7  however,  it  is  clear  that  considerable  tribution  is  the  dominant  emission.  This  technique 

intermixing  takes  place  and  the  interface  has  a  has  been  described  earlier  by  Rossi  etal.33  and  sue* 

nonzero  width  that  has  been  interpreted  as  an  alloy  cessfully  applied  to  the  reactive  semiconductor— 
phase  whose  extension  is  possibly  connected  with  transition-metal  interfaces  and  is  of  particular 

the  heat  of  formation  of  the  Si-metal  bond.10  The  value  in  this  case  where  the  presence  of  a  rather 

Si  +  Ag  interface  has  been  described  as  atomically  small  amount  of  intermixing  requires  a  high  sensi- 

abrupt  in  a  photoemission  report  by  McKinley  tivity  to  the  details  of  the  different  contributions  to 

et  at,3  whereas  no  spectroscopic  information  is  j  the  valence-band  emission  at  the  interface.  The 

available  in  the  literature  for  Ge  -f  Ag.  The  aim  /  Cooper-minimum  technique  is  complemented  by 

of  the  present  paper  is  to  present  an  extensive  set  an  analysis  based  on  the  electron  escape  depth 

of  photoemission  results  on  Ge  +  Ag.  We  show  which  has  already  been  used  in  the  Si— noble-metal 

that  on  the  scale  of  1 —3  monolayers  a  strong  cases  (Cu  and  Au).1,4 

chemical  reaction  takes  place  with  a  severe  inter-  The  organization  of  the  paper  is  as  follows:  De¬ 
mixing  at  the  interface.  This  new  result  has  its  tails  on  the  experiment  are  given  in  Sec.  II  and  a 

counterpart  in  recent  experimental  observations  for  full  review  of  the  experimental  results  and  their 

Si-Ag  which  are  being  published  elsewhere*'4  and  internal  organization  is  given  in  Sec.  III.  The  dis- 

implies  a  change  in  the  generally  accepted  picture  '  cussion  of  Sec.  IV  is  divided  into  three  coverage 
for  elemental  semiconductor-Ag  interfaces.  intervals  showing  different  stages  in  the  interface 

The  present  results  come  from  a  photoemission  growth.  The  summary  is  given  in  the  concluding 

investigation  with  synchrotron  radiation  (SR)  in  ;  paragraph. 
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II.  EXPERIMENTAL 

Medium  doped,  n-type,  germanium  single  cry¬ 
stals  were  cleaved  in  situ  along  the  (111)  plane  at 
an  operative  pressure  of  5x  10~"  Torr.  The  high 
reproducibility  of  the  clean  valence-band  EDC  pro¬ 
vides  us  with  a  good  assumption  that  no  relevant 
differences  are  present  among  the  various  Ge(lll) 
surfaces,  although  we  had  no  independent  tech¬ 
nique  to  check  the  cleavage  quality. 

The  thin  overlayers  of  Ag  were  prepared  by  eva¬ 
poration  from  a  bead  on  a  tungsten  wire,  and  the 
thickness  was  obtained  using  two  quartz  crystal 
monitors.  The  first  crystal  monitor  was  very  close 
to  the  evaporation  source,  behind  the  evaporator 
shield;  the  second  one  was  on  the  sample  carousel 
and  could  be  put  in  the  sample  position.  The  first 
crystal  monitor  was  carefully  calibrated  against  the 
second  one  in  order  to  have  the  exact  geometric 
correction  factor.  The  desired  coverages  were  typi¬ 
cally  obtained  during  a  few  seconds  of  evaporation 
by  operating  a  shutter  in  front  of  the  source  and 
continuously  monitoring  the  evaporation  rate  by 
means  of  the  first  thickness  monitor.  With  this 
procedure  we  estimated  a  maximum  error  of  20% 
for  the  very  low  submonolayer  coverages,  and  5% 
or  less  for  the  higher  coverages.  The  photoemis¬ 
sion  spectra  obtained  at  submonolayer  coverages  on 
different  cleaves  had  high  reproducibiliry  and  con¬ 
sistent  phenomenological  trends  for  the  estimated 
coverages.  The  evaporation  source  was  positioned 
more  than  10  cm  away  from  the  sample  surface  to 
avoid  heating  of  the  substrate;  also  the  heating 
problem  was  reduced  because  of  the  low  power  re¬ 
quired  for  Ag  evaporations.  The  maximum  pres¬ 
sure  during  the  evaporation  was  1 X 10“ 10  Torr, 
with  all  the  low  coverages  done  at  9X 10” 11  Torr. 
The  photoelectron  spectra  were  taken  in  the  retard¬ 
ing  mode  with  a  double  pass  cylindrical  mirror 
analyzer  having  the  axis  normal  to  the  sample  sur¬ 
face.  The  radiation  source  was  the  two  4*  beam 
lines  at  the  Stanford  Synchroton  Radiation  Labora¬ 
tory12  (SSRL)  equipped  with  a  *'grasshopperM 
monochromator11  providing  an  intense  p  polarized 
monochromatic  beam  in  the  range  35  —  500  eV. 

The  spectra  at  ftv=40.8  eV  were  taken  on  the 
“new"  4*  beam  line  at  SSRL  covering  the  photon 
energy  range  35—500;  all  the  other  measurements 
were  taken  on  the  “old”  4*  line  covering  the  region 
65—900  eV.  The  light  was  impinging  on  the  sam¬ 
ple  surface  at  grazing  incidence  (15*1.  Very  high 
counting  rates,  typically  on  the  order  of  104 
count/s,  were  obtained  at  all  the  energies  used,  giv¬ 


ing  high  statistical  quality  to  the  data.  More  de¬ 
tails  on  the  experimental  apparatus  were  published 
by  Pianetta  et  al. u. 

The  kinetic  energies  of  all  the  measurements 
were  in  the  range  35  — 120  eV  which  gives  the 
maximum  surface  sensitivity  [escape  depth  5— 6  A 
(Ref.  15)}.  All  the  data  are  in  this  way  directly 
comparable,  referring  to  the  same  sampled  region 
of  the  interface. 


HL  RESULTS  1 

This  section  summarized  the  experimental  re¬ 
sults  discussed  in  Sec.  IV.  To  make  the  discussion 
easier,  we  present  relevant  experimental  trends  in  ! 
representative  plots.  Figures  1  and  2  give  the  rov-  j 
erage  dependence  of  the  valence  band  EDCs 
ftv=  80  eV  and  at  the  Cooper  minimum  (hv  0  i 
eV).  Figure  3  gives  the  EDO’s  at  ftv=40.8  e  ?  ! 

selected  low  coverages  and  for  the  high  cover 

In  the  EDCs  at  ft  v= 40.8  eV  (Fig.  3)  and 
ftv=80  eV  (Fig.  1),  the  Ag4d  contribution  it 
inant  over  the  Gcsp  contribution  due  to  the  i 
tively  much  higher  cross  section  for  the  pbotoion- 
ization  of  the  4 d  orbitals.  This  makes  it  possible 
to  easily  detect  the  role  of  Ag  in  the  determination  ; 
of  the  valence  density  of  states  even  when  at  v*rv  j 
low  [0j03  monolayers  (ML)]  At  ages.  At  ftv  | 
=  130  eV  (Fig.  2),  the  4 d  cross  section16  has  a  deep  | 
minimum  (Cooper  minimum)  so  that  the  d  contri¬ 
bution  seen  in  the  EDC  is  of  the  same  order  of  j 
magnitude  as  that  due  to  the  sp  band  of  the  Ge 
substrate.  In  this  case  the  modification  of  the  sub- 
!  strate  electronic  structure  can  be  clearly  followed. 

The  physical  information  coming  from  Ge  3 d  and 
Ag  Id  core  lines  are  summarized  as  a  function  of 
the  coverage  in  Figs.  4  and  5  (intensities  versus 
coverage)  and  in  Fig.  6  (binding  energy  versus  cov¬ 
erage). 

IV.  DISCUSSION  / 

In  this  section  we  discuss  the  results  by  making 
a  division  into  three  coverage  regions  which 
correspond  to  three  different  stages  in  the  interface  (' 
growth:  the  very  low  submonolayer  coverages  , 
[Sec.  IV  A  (6  g0.3  ML)],  the  completion  of  the 
j  first  monolayer  [Sec.  IV  B  (0.3  ML  <  8  <  1 .08 
i  ML)],  and  (he  high  coverages  interval  extending  up 
I  to  10  monolayers  (Sec.  !V  C).  This  division  into 

|  three  regions  is  merely  to  provide  a  phenomenolog¬ 

ical  frame  for  the  discussion,  since  different  dom- 


i 


FIG.  1.  Ancle-integrated  photoelectron  energy  distri-  t  initik  state  energy  (»v; 

bution  curves  (EDCs)  at  Av=80  eV  for  Ge(Ul)  +  Ag  FIG.  2.  Angle-intecrated  EDCs  for  Ge(l  11)  +  Ag 

at  increasing  coverages  at  room  temperature,  and  for  and  for  bulk  Ag  (film)  at  the  Cooper  minimum  for  the 

bulk  Ag  (film).  The  Ag  coverages  8  quoted  in  the  figure  j  Ag4d  photoionization  cross  section  ihv=  130  eV).  The 

are  in  monolayer  units.  j  coverages  8  are  in  monolayer  units. 


inant  features  are  seen  in  these  regions.  However,  „ 
there  is  no  fundamental  reason  to  separate  these  in*  \ 
(ervals  since  the  properties  of  the  interface  are  con¬ 
tinuously  changing  throughout  the  whole  coverage 
interval  investigated. 


A.  Low-coverage  region  (6^0.3  ML) 

j 

At  the  very  lowest  coverages  the  Ag4 d  signal  is 
composed  of  a  sharp  peak,  almost  symmetrical  in 
shape,  at  6  cV  below  the  Fermi  level,  i.e.,  at  higher  j 
binding  energies  than  in  the  Ag  bulk.  This  silua- 


tion  is  common  to  all  the  semiconductors  — noble- 
metal  interfaces  and  is  usually  explained  as  a  situa¬ 
tion  where  the  noble-metal  atoms  axe  almost  isolat¬ 
ed  at  the  substrate-vacuum  interface  and  the 
photoemission  peak  is  more  atomiclike  than  band- 
like.1,2'5  This  also  has  consequences  on  the  core 
line  binding  energies  as  will  be  discussed  later  in 
Sec.  IV  D.  The  4 d  peak  grows  in  intensity  without 
shifts  in  energy,  within  the  accuracy  of  ihe  experi¬ 
ment,  up  to  0.3  ML  as  seen  in  the  Jtv=80  eV 
EDCs  of  Fig.  1.  The  Ag  3 d  core  lines  grow  in  in¬ 
tensity  linearly  with  the  increase  in  coverage;  the 
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FIG.  3.  Angle-integrated  EDCs  for  GeU  1 1)  +  Ag 
and  for  pure  Ag  (film)  at  hvmAO.t  eV.  Due  to  matrix 
elements  effects  the  evolution  of  the  Ag  Ad  peak  shape  is 
much  more  evident  than  at  the  other  energies  used. 


decrease  of  the  Ge3d  intensity  is  also  linear. 

At  the  Cooper  minimum  (Fig.  2)  it  is  possible  to 
see  the  beginning  of  the  Ag  signal  already  at 
9=0.08  with  no  appreciable  modifications  of  the 
Ge  valence  band  at  these  coverages.  Nothing  can 
be  said  about  the  Ge  surface  states  in  this  range 
since  the  photon  energies  used  give  very  little  sensi¬ 
tivity  to  those  states. 

The  situation  in  this  low-coverage  region  is  quite 


FIG.  S.  Intensity  profile  of  Ag  3 d  core  line  photo¬ 
emission  as  a  function  of  the  coverage.  The  reduced  in¬ 
tensity  ULD  [/  16)/I ( 6—0.08)]  is  plotted  versus  the  re¬ 
duced  coverage  RQ  (9/0.08  ML)  for  the  submonolayer 
range.  In  the  submonolayer  range,  the  dashed  line 
shows  the  expected  trend  for  R1  vs  R  9  in  the  case  of 
the  formation  of  a  uniform  monolayer. 


different  from  that  of  the  highly  reactive  interfaces 
like  Si-Pt  where  dramatic  changes  in  the  substrate 
emission  are  already  seen  for  0.1  ML  of  metal, 
probably  due  to  a  surface  disruption-  mechanism.17 
This  confirms  the  known  fact  that  the  interaction 
.between  Ag  and  Si  is  definitely  weaker  than  in  the 
higher  reactive  cases. 


B.  The  first  monolayer  formation  (0.3  <  9  <  1  ML) 

The  second  region  is  more  interesting  because  it 
is  possible  to  see  the  beginning  of  a  gradual  shift 
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FIG.  4.  Intensity  proQle  of  Ge  id  core  line  photo- 
emission  as  a  function  of  the  coverage.  The  intensities 
are  normalized  to  the  clean  Gc(l  11)  signal. 


9  (ml) 

FIG.  6.  Binding  energy  shifts  for  Ge3d  and  Ag3 d 
core  lies  as  a  function  of  the  coverage  9.  The  curves  are 
the  best  fits  of  the  experimental  data. 


of  the  Ag  4d  band  towards  lower  binding  energies,  , 
i.e.,  towards  a  more  bandlike  situation  (see  Fig.  1). 

But  the  key  point  in  the  understanding  of  the  in-  • 
terface  growth  is  seen  in  the  spectra  at  hv=  130  eV 
of  Fig.  3,  where  the  shift  towards  lower  binding 
energies  of  the  deepest  structure  (10.5  eV  below 
EF),  mostly  composed  of  Ger  states,  takes  place 
and  is  almost  completed  within  this  interval.  In 
this  respect  it  should  be  noted  that  the  general 
trend  of  this  structure  is  a  shift  towards  lower 
binding  energies  whenever  the  rp3  configuration, 
which  is  known  to  give  the  maximum  bandwidth,11 
is  modified.  Thus  a  shift  of  this  structure  towards 
lower  binding  energy  has  been  observed  in  all  the 
elemental  semiconductor— d-metal  reactive  inter¬ 
faces  where  compounds  are  formed.17,1*’20  In  the 
present  case  the  shift  is  thus  the  first  direct  spec¬ 
troscopic  evidence  of  a  chemical  interaction  taking 
place  between  Ag  and  Ge  at  the  interface  with  the 
formation  of  new  hybrid  orbitals  between  the  two 
atomic  species  so  that  the  sp3  configuration  is 
modified. 

The  total  shift  in  this  case  is  —0.3  eV,  which  is 
less  than  the  analogous  shift  observed  for  the 
Si  — transition-metal  “reactive”  interfaces,  where 
shifts  of  1  eV  have  been  detected,  e.g.,  for  Si-Pd 
(Refs.  11  and  19)  and  Si-Pt.17  The  explanation  of 
this  difference  can  probably  be  found  in  the  fact 
that  the  Ge-Ge  covalent  bond  is  weaker  than  the 
Si— Si  covalent  bond  and  the  Ge  atomic  arrange¬ 
ment  is  probably  less  distorted  when  interacting 
with  Ag  than  it  is  in  the  very  reactive  cases.30  We 
emphasize  that  the  present  paper  gives  the  first  in¬ 
formation  on  the  distortion  of  the  sp3  configura¬ 
tion  in  Ge  due  to  the  interaction  with  a  metal,  and 
the  first  set  of  Cooper-minimum  data  on  a  Ge— d- 
metal  interface.  Thus  there  are  no  other  data 
available  for  comparison. 

Photoemission  data  cannot  give  structural  infor¬ 
mation,  but  nevertheless  it  can  be  very  useful  to 
address  the  question  of  the  average  depth  distribu¬ 
tion  of  the  Ag  atoms  in  the  interface.  This  can  be 
assessed  on  the  basis  of  the  core  lines  intensities 
versus  coverage.  Plots  of  the  Ag  3 d  core  line  emis¬ 
sion  intensities  after  normalization  to  the  0.08  ML 
coverage,  and  of  the  Ge  3d  core  line  intensities  are 
given  in  Figs.  4  and  5,  respectively.  The  values  of 
the  Ag  3d  curve  up  to  one  monolayer  are,  in  the 
manner  the  data  are  plotted,  independent  of  the  ab¬ 
solute  calibration  of  the  thickness  monitor,  and  the  • 
information  is  very  reliable.  One  can  see  that  the 
increase  of  the  Ag  3d  signal  intensity  is  smaller  at 
the  submonolayer  coverages  than  should  be  expect¬ 


ed  if  a  uniform  layer  were  formed.  In  other 
words,  when  the  coverage  is  doubled  within  these 
submonolayer  coverages,  the  photoemission  intensi¬ 
ty  of  Ag  is  not  doubled;  typically  30%  of  the  sig¬ 
nal  is  lost.  This  provides  evidence  that  Ag  must  ; 
oenetrate  into  the  sample,  and  at  least  pan  of  it  is  j 
beneath  the  first  layer.  I 

Our  results  are  qualitatively  similar  to  those  re¬ 
cently  found  by  means  of  surface  potential  and  ion 
scattering  spectroscopy  (ISS)  (Ref.  21)  measure¬ 
ments  where  the  reconstructed  (vlxv^)  Ag  layer 
was  concluded  to  lie  beneath  a  pure  Si  surface 
layer  after  heating  to  400 'C 

It  is  important  to  note  that  this  argument  is  fair¬ 
ly  unambiguous  for  small  coverages.  An  alterna¬ 
tive  assumption  of  early  Ag  agglomeration  at  <  1 
could  hardly  explain  the  data.  The  formation  of 
Ag  islands  of  such  large  dimensions  that  a  consid¬ 
erable  fraction  of  the  signal  is  lost  due  to  escape 
depth  effects23  cannot  be  favored. 

Thus  a  clear  result  of  the  present  research  is  that 
a  strong  chemical  interaction  takes  place  between 
Ag  and  Ge,  and  that  the  Ge  surface  is  disrupted 
with  the  incorporation  of  Ag  in  the  topmost  layer 
of  the  substrate.  How  deep  Ag  goes  into  the  sur¬ 
face  is  difficult  to  assess,  but  on  the  basis  of  escape 
depth  considerations  it  is  possible  to  conclude  that 
almost  all  Ag  is  within  the  first  2—3  layers  of  ma¬ 
terial. 

i 

C.  The  high-coverage  interval  (1  <  6  <  10) 

In  the  high-coverage  interval  the  three  most 
relevant  observations  are  the  following: 

(i)  The  valence  spectra  evolve  towards  the  EDC’s 
typical  of  pure  Ag  which  is  basically  reached  be¬ 
tween  6  and  10  ML  (see  Figs.  1—3). 

(ii)  The  Ge  3 d  emission  intensity,  although  de¬ 
creasing,  remains  considerably  high,  i.e.r  about 
30%  of  the  signal  typical  for  pure  Ge  is  still 
present  at  the  high  coverages. 

(iii)  The  binding  energy  shift  of  the  Ge  Id  core 
levels  reaches  a  plateau  above  2.5  ML. 

These  experimental  results  give  indications  about 
the  grow’th  mechanism  of  Ag  on  top  of  the  first 
intermixed  Ge-Ag  overlayer.  It  is  also  apparent  , 
that  structural  investigation  like  low-energy  elec¬ 
tron  diffraction  (LEED)  IV  profiles,  ISS,  and  sur¬ 
face  extended  x-ray  absorption  fine  structure  (EX- 
AFS)  would  be  important  complements  to  the 
present  results. 

The  fact  than  an  almost  pure  Ag  valence  band 


EOC  is  obtained  for  coverages  larger  than  6  ML  is  | 
not  compatible  with  the  presence  of  a  substantial  ; 
quantity  of  Ge  (which  is  obviously  present  as  seen  j 
from  the  intense  Id  core  signal)  in  a  intermixed 
phase.  In  fact  the  valence  band  for  a  thick  inter¬ 
mixed  layer  should  be  dramatically  different  from 
that  of  the  pure  metal  as  has  been  shown,  for  ex¬ 
ample,  in  the  case  of  Si-Au  intermixed  phases. 1,7 
Probably  a  minor  fraction  of  Ge  is  still  present  in 
the  overlayer,  as  will  be  discussed  later,  but  the 
presence  of  the  strong  Ge  core  signal  intensity 
must  be  thought  of  as  originating  from  a  spatially 
distinguished  region  of  the  surface  with  respect  to 
that  originating  the  Ag  signal. 

The  presence  of  an  intense  Ge3d  signal  is  com¬ 
patible  with  two  models:  the  island  growth  or 
Stransky-Krostanov  (SK)  mechanism  and  the 
layer-by-layer  (Van  de  Merwe)  growth  of  Ag,  with 
some  Ge  dissolved,  and  with  Ge  segregated  to  the 
topmost  surface  layer.  Surface  segregation  from 
the  substrate  has  been  found  in  some  related  sys¬ 
tems,  Si-Au  (Ref.  1)  and  Si-Cu  (Ref.  2)  at  room 
temperature,  and  Si-Pd  after  annealing.23 

Our  photoemission  data  cannot  be  conclusive  on 
this  point,  but  some  clear  indications  are  present  in 
the  valence-band  and  core  level  data.  In  the  case 
of  a  Ge  surface  on  top  of  a  Ag-rich  layer  some 
spectroscopic  evidence  of  Ge— Ag  bonds  should  be 
expected.  This  situation  in  fact  should  be  similar 
to  that  present  on  the  bulk  side  of  the  interface 
when  Ag  atoms  are  in  contact  with  the  Ge  sub¬ 
strate,  which  has  been  studied  at  the  low  Ag  cover¬ 
ages.  The  presence  of  strong  bonds  between  a 
metal-rich  phase  and  a  segregated  top  layer  of  sem¬ 
iconductor  has  clearly  been  found  for  the  annealed 
Pd-Si  interface.22  From  the  present  data  no  indica¬ 
tions  of  such  a  situation  are  evident  so  that  the  al¬ 
ternative  model  of  Ag  island  formation  appears 
likely.  We  can  explain  the  photoemission  results  i 
as  a  sum  of  the  signal  coming  from  Ag-rich  is-  i 
lands  and  from  the  uncovered  pan  of  the  Ge-Ag 
mixed  phase,  2—3  layers  thick. 

In  this  case  the  decrease  of  peak  C  in  the 
Cooper-minimum  spectra  of  Fig.  2  at  increasing 
coverages  can  be  explained  with  the  gradual  de¬ 
crease  of  the  uncovered  area,  as  more  Ag  is  depo¬ 
sited,  and  with  the  smaller  emission  with  respect  to 
the  strong  Ag  signal  coming  from  the  islands.  , 

Our  data  suggest  a  model  of  a  complex  interface 
with  a  narrow  mixed  interface,  two  or  three  layers  1 
thick,  and  almost  pure  Ag  islands  grown  on  top  of 
it.  This  model  could  also  explain  the  constant 
value  of  the  Ge  binding  energy  at  the  high  cover¬ 


ages.  The  Ge  atoms  are  either  in  the  “stable”  in¬ 
termixed  region  or  very  diluted  in  the  Ag  islands 
and  are  not  very  sensitive  to  further  Ag  enrich¬ 
ment.  The  presence  of  two  different  species  of  Ge 
is  given  further  support  by  a  slight  broadening 
(—0.1  eV)  observed  at  large  6  for  the  Ge3d  core  lines.  I 
Further  information  is  obtained  analyzing  the  I ' 

spectra  taken  at  40.8  eV  (Fig.  3)  which  are  1 

very  useful  in  this  high-coverage  range.  At  this 
photon  energy  the  4 d  splitting  into  two  peaks  is 
much  more  evident  than  at  Av»  80  eV  where  only 
a  shoulder  on  the  higher  binding  energy  side  of  the 
peak  appears.  The  splittings  has  a  crystal-field 
contribution  that  starts  to  build  up  only  a  relative-  i 
ly  high  coverages  (0**  6)  and  the  bulklike  situation 
is  completely  reached  with  10  ML.  This  provides 
evidence  that  the  dimensions  of  the  Ag  islands  are 
large  enough  around  10  ML  to  produce  Ag  clusters  i 
with  a  typical  bulklike  photoemission  signal,  and  I 
indirectly  confirms  that  some  Ge  is  present  in  the 
early  stage  of  the  Ag  island  growth,  becoming 
eventually  a  negligible  impurity  at  the  high  cover¬ 
ages.  It  would  be  premature  at  the  present  time  to 
push  these  arguments  further  and  make  a  detailed 
model  because  of  the  arbitrariness  of  several 
parameters  and  the  lack  of  more  direct  structural  i 
investigation  on  this  interface.  I 

Thus  we  will  limit  ourselves  to  state  that  the 
spectra  suggest  a  qualitative  picture  for  the  Ag 
growth  which  is  basically  in  agreement  with  the 
SK  mechanism  as  proposed  by  Venables  era/,  for 
Ag-Si,24  provided  that  the  actual  substrate  on 
which  the  island  growth  takes  place  is  not  a  single 
Ag  chemisorbed  layer  but  a  mixed  Ge-Ag  phase  ] 
two  or  three  layers  thick.  j 

Our  picture  for  the  Ge-Ag  interface  contrasts  ! 

the  one  proposed  for  Si- Ag  by  McKinley  era/.3  In  | 
fact,  these  two  silver-elemental  semiconductor  sys-  j 

terns  should  be  very  similar,  and  the  model  of  an  | 

atomically  abrupt  junction  is  oversimplified  as  the  ; 
present  results  and  recent  reports  on  Si-Ag  demon-  ; 

strate.5,6,21  In  this  connection  we  also  note  that  j 

Venables  etal.u  have  shown  that  at  room  tempera-  J 

ture,  the  Stransky-Krostanov  and  Van  der  Merwe  j 

growths  become  very  similar  due  to  the  presence  of  , 
almost  two-dimensional  islands  so  that  a  clear  dis-  j 
tinction  between  the  two  processes  becomes  highly  j 
speculative,  although  SK  growth  was  shown  to  be 
favored  in  the  Si-Ag  case  at  high  coverages.24 

In  summary,  our  results  show  that  such 
phenomenology  is  also  applied  to  Ge-Ag.  We  are 
also  able  to  add  new  information.  In  particular  we 
demonstrated  that  the  bond  between  Ag  and  Ge 


has  characteristics  similar  to  those  of  the  bands  be¬ 
tween  Si  and  other  d  metals  usually  referred  as 
more  *’reactive.”,  NVe  further  showed  that  the  in¬ 
termediate  layer  in  the  SK  is 'a  strongly  intermixed 
Ge-Ag  phase;  and  that  in  the  beginning  of  the  nu- 
cleation  of  islands  some  Ge  is  still  present  dis¬ 
solved  with  Ag.  The  presence  of  this  alloyed  Ge- 
Ag  phase  is  probably  responsible  for  the  quick  con¬ 
vergence  towards  almost  pure  Ag  overgrowth  in 
the  sense  that  it  acts  as  a  membrane  against  the  in¬ 
terdiffusion.  The  hindrance  of  an  extended  inter¬ 
mixing  due  to  this  membrane  effect  is  consistent 
with  recent  results  by  Cros  et  al .**  They  prepared 
a  Si-Au-Ag  interface  with  a  monolayer  of  Au 
deposited  onto  a  Sid  11)  substrate  before  growing 
the  Ag  film,  and  observed  a  strong  intermixing  of 
Si  and  Ag.  The  interpretation  is  that  the  weaken¬ 
ing  of  the  Si— Si  covalent  bond  caused  by  the  Si- 
Au  mixed  phase  makes  the  Ag-Si  interdiffusion 
easier.  Tentatively,  transferring  this  argument  to 
the  Ge-Ag  case  we  could  say  that  in  absence  of 
ad  hoe  weakening  processes  the  Ag-Ge  reaction 
and  intermixing  is  very  quickly  saturated.  Further 
studies  on  the  temperature  dependence  of  the  exci¬ 
tation  of  this  phase  could  give  more  insight  on  the 
kinetic  of  this  interface  reaction. 


V.  CONCLUSIONS 

A  systematic  spectroscopic  investigation  of  the 
Ge-Ag  interface  at  room  temperature,  making  use 


of  the  Cooper  minimum  method  and  at  high  sur¬ 
face  sensitivity,  shows  that  intermixing  takes  place 
at  the  Ge-Ag  interface  with  the  formation  of  bonds 
between  Ge  and  Ag  atoms  in  a  region  extending 
for  2— 3  layers  of  material.  On  top  of  this  inter¬ 
mixed  region  the  Ag  metal  grows  in  islands  with  a  | 
small  amount  of  Ge  dissolved  in  it.  Thus  the  Ge- 
Ag  interface  cannot  be  considered  as  a  sharp  inter¬ 
face  and  the  interpretation  of  its  electronic  proper¬ 
ties  [in  particular  the  very  low  Schottky  barrier 
height  —  0J5  eV  (Ref.  26)]  cannot  rely  upon  the 
traditional  abrupt  junction  models9  but  requires  the 
consideration  of  the  role  played  by  the  electronic 
states  formed  as  a  consequence  of  the  intermixing 
processes. 
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We  present  extensive  results  on  synchrotron-radiation  angle-integrated  photoemission 
from  Si(l  11)  surfaces  onto  which  increasing  amounts  of  Pt  (coverages  0  from  0.07  to  40 
monolayers)  were  deposited.  Both  core  lines  (Si  2 p  and  Pt4 f)  and  valence-band  states 
have  been  measured.  In  the  latter  case  we  present  results  taken  at  a  photon  energy  of 
Av<b 80  eV  where  the  Pt5d  contribution  is  dominant  and  at  Av«-  130  eV  where  the  Coop¬ 
er  minimum  effect  reduces  the  Pt  Sd  photoemission  considerably  so  that  information  on 
the  Si  contribution  to  the  valence  states  can  be  revealed.  We  show  that  submonolayer 
coverages  (9^0.07)  of  Pt  disrupt  the  surface  sufficiently  to  introduce  considerable 
changes  in  the  photoemission  spectra  with  respect  to  that  of  clean  Sid  1 1).  An  interface 
with  a  photoemission  spectrum  resembling  that  of  a  silidde  has  developed  at  about  2—10 
monolayers.  At  increasing  6  the  region  explored  with  photoemission  shows  enrichment 
of  the  metal,  but  the  situation  at  0—40  is  still  very  far  from  that  of  the  pure  Pt  metal, 
thus  indicating  a  very  strong  chemical  interaction  at  room  temperature  on  the  depth  scale 
of  tens  of  monolayers.  Opposite  chemical  shifts  of  the  Si  and  Pt  core  lines  are  seen  (Pt 
towards  lower  and  Si  towards  higher  binding  energies  with  increasing  9)  and,  moreover, 
the  shape  of  the  Si  Ip  core  lines  is  modified  towards  that  typical  of  a  metallic  phase.  All 
these  results  are  discussed  in  terms  of  the  nature  of  the  chemical  bond  between  Si  and  Pt. 
MS  code  no.  BH2100  1977  PACS  numbers:  73.40. -c,  79.60.Eq 


L  INTRODUCTION 

The  study  of  semiconductor— transition-metal 
interfaces  is  becoming  a  central  topic  in  solid-state 
surface  physics  both  for  fundamental  and  practical 
reasons.  The  fundamental  interest  in  these  systems  \ 
lies  in  the  connection  between  surface  chemistry  | 
parameters  and  the  electronic  properties  of  the 
junction1  ”*  whose  low-barrier  (Ohmic)  or  high- 
barrier  (rectifying)  characteristics  are  not  complete¬ 
ly  understood  in  terms  of  the  mechanism  underly¬ 
ing  the  formation  of  different  barriers. 

A  better  understanding  of  the  physical  chemistry 
of  different  semiconductor— d-metal  interfaces  also 
provides  valuable  information  of  practical  use  since 
low-  and  high-barrier  junctions  are  highly  utilized 
in  the  production  of  active  devices.* 

This  article  presents  the  first  systematic  energy- 
dependent  photoelectron-spectroscopy  study  of  the 
Si-Pt  interface  at  room  temperature.  Special  atten¬ 
tion  has  been  given  to  the  low-coverage  regime 
since  the  very  first  stage  of  the  interface  growth  is 
probably  determined  by  the  semiconductor  surface 
disruption  caused  by  the  metal  adatoms  as  dis¬ 
cussed  in  an  earlier  paper.10  At  increasing  cover¬ 
ages,  we  have  followed  the  evolution  of  the  elec¬ 


tron  states  of  the  Si(l  1 1)-Pt  interface  by  taking  full 
advantage  of  the  unique  tunability  of  synchrotron 
radiation  (SR).  In  addition  to  extensive  core-level 
spectroscopy  data,  we  present  valence-band  photo¬ 
emission  spectra  at  two  energies,  one  (Av=  130  eV) 
corresponding  to  the  Cooper-minimum  region  for 
the  Pt5d  photoemission  (hv*  130— 160  eV),  so 
that  the  information  on  the  Si  sp  contribution  to 
the  energy  distribution  curves  (EDCs)  can  be  re¬ 
vealed.  This  method,  introduced  for  the  first  time 
in  an  earlier  publication,10  has  turned  out  to  be 
very  useful  in  understanding  the  nature  of  the 
chemical  bond  between  Si  and  d  metals."-"  In 
fact  it  allows  us  to  make  a  scheme  for  the  assign¬ 
ment  of  the  Si— d-metal  chemical  reactions  on  a 
pure  experimental  basis. 

The  hv  dependence  of  the  4cf-  and  5d*e!ectron 
photoionization  cross  section  which  shows  a  deep 
minimum  in  the  region  between  hv»130  and  160 
eV  (Cooper  minimum)  is  of  great  advantage  in  in¬ 
terface  photoemission  studies14  where  the  density 
of  valence  states  can  be  probed,  tuning  the  sensi¬ 
tivity  to  the  d  contribution.  The  presence  of  Coop¬ 
er  minima  in  solids  has  been  proved  experimentally 
in  a  number  of  recent  synchrotron-radiation  photo¬ 
emission  works  both  for  pure  Ad  and  5 d  metal" 


and  for  d-metal  compounds.10'*13  A  theoretical  1 
analysts  of  the  Cooper  minima  effect  for  valence*  j 
band  states  is  still  lacking  and’ possible  deviations 
from  the  pure  atomic  levels  have  not  been  explored 
in  detail.  In  this  paper  we  will,  therefore,  not  ar¬ 
gue  about  the  Cooper-minimum  effect  perse  or  try 
to  make  quantitative  comparisons  between  our  re¬ 
sults  and  the  calculated  atomic  cases  because  that 
could  only  be  highly  speculative  at  present  and  is 
beyond  the  purpose  of  this  work  on  Si—  d-metal 
interfaces.  Of  importance  for  the  present  work  is 
that  the  reduced  d  emission  at  the  Cooper  mini¬ 
mum  allows  a  detailed  study  of  the  sp  contribu¬ 
tions  to  the  total  density  of  states  which  are  hidden 
at  all  the  other  energies  where  the  d  emission  is  the 
dominant  feature  in  the  EDCs. 

The  Si-Pt  junction  belongs  to  the  so  called 
Si— transition-metal  reactive  interfaces  as  do  Si-Pd 
(Refs.  11,  16,  and  17)  and  Si-Ni  (Refs.  18  and  19). 
One  characteristic  of  the  Pt-Si  system  is  that  two 
stable  bulk  compounds  are  known:  PtSi  and  Pt2Si, 
with  the  Si-rich  silicide  formed  at  higher  tempera¬ 
tures.30  Some  spectroscopic  information  on  these 
two  phases  of  Pt  (Ref.  21)  as  a  function  of  the  tem¬ 
perature-  is  already  available  in  the  literature. 

In  general,  rather  than  being  characterized  by  a 
single  stoichiometric  reaction  product,  the  nonan- 
nealed  reactive  transition-metal— silicon  interfaces 
present10" 11.i6-19.21-u  a  broad  mjxed  regjon 

where  semiconductor-rich  and  metal-rich  phases 
clamp  a  silicidelike  phase,  with  concentration 
gradients  defining  the  boundaries  between  these 
phases.  A  sharp  interface  has  been  reported  for 
Si(l  I  t)-Pd  where  a  Pd.Si-like  overlayer  is 
formed11- 14-17  as  a  result  of  a  solid-state  reaction,  j 
although  a  concentration  gradient  is  present  in  the 
metal-rich  side.”  j 

This  paper  adds  new  information  to  the  previous  * 
theoretical  and  experimental  literature  on  the 
physical  chemistry  of  the  reactive  interfaces,  which 
has  implications  for  the  Schottky-barrier  formation 
process  and  for  the  derivation  of  the  barrier  height. 
Reference  to  this  literature  will  be  made 
throughout  the  paper  and  in  particular  to  the  em¬ 
pirical  correlations  of  these  properties  to  such 
macroscopic  observables  as  the  eutectic  tempera¬ 
ture7  and  the  heat  of  formation  of  the 
semiconductor-metal  bond.1 

The  paper  is  organized  as  follows.  An  account 
of  experimental  techniques  is  given  in  Sec.  II  and 
the  experimental  results  are  collected  in  Sec.  III.  i 
The  discussion  in  Sec.  IV  is  carried  out  with  refer¬ 
ence  to  three  coverage  intervals  [in  units  of  mono¬ 


layers  (ML)]  which  have  their  own  features:  sec¬ 
tion  A — low  coverages  <6  <0.51  ML),  section  B — 
medium  coverages  (0.5  <6  <  10  ML),  and  section 
C — high  coverages  (6  >  10  ML).  In  See.  V,  we 
summarize  the  main  results  in  connection  with  the 
interface  growth  mechanism. 


IL  EXPERIMENTAL 

Medium-doped  (10**  atoms/cm3)  «- type  Si  sam¬ 
ples  were  carefully  cleaved  in  situ  at  a  working 
pressure  of  4x  10"u  torr.  The  cleave  produced 
highly  reproducible  angle-integrated  valence-band 
photoemission  spectra.  This  is  an  important  point 
because  the  Sid  11)  photoemission  spectra  are  very 
surface  sensitive  at  the  energies  used  ttv«80  and 
130  eV),  and  the  relative  intensities  of  the  different 
valence  peaks  can  vary  depending  on  the  quality  of 
the  cleaves  as  will  be  discussed  later.  What  typi¬ 
cally  happens  for  certain  qualities  of  cleaves  is  that 
the  two  deepest  structures  of  the  Si(lll)  valence 
band  are  depressed  in  intensity  with  respect  to  the 
top  of  the  valence  band.  Examples  of  these  kinds 
of  EDCs  can  be  found  in  a  paper  published  ear-  | 
lier.10 

The  Pt  overlayers  were  deposited  by  evaporation  j 
from  a  ,thin  Pt  wire  wound  around  a  W  filament 
wire.  Resistive  heating  at  a  power  level  of  about 
50  W  was  necessary  for  the  evaporation.  This  re¬ 
quired  a  very  careful  outgassing  procedure  and  a 
special  design  of  the  evaporator  assembly,  similar 
to  a  source  for  MBE  (molecular  beam  epitaxial) 
growth.  The  evaporations  were  done  at  a  pressure 
lower  than  1.5  X 10" 10  ton-.  The  deposition  rate  I 
was  controlled  with  a  quartz  oscillator  located  on 
the  sample  carousel  and  alternatively  put  in  the  | 
sample  position  in  order  to  avoid  any  geometrical 
correction  factor  and  any  heating  from  the  evap¬ 
oration  filament.  Very  stable  rates,  typically  1  1 

A/min,  were  easily  established  and  the  desired  cov-  j 
erages  were  obtained  by  operating  a  shutter  in 
front  of  the  Pt  source.  The  evaporation  rate  was 
checked  again  immediately  after  the  completion  of 
the  overlayer  preparation.  The  accuracy  of  the  to¬ 
tal  coverages  should  be  better  than  20%  for  the  ! 
lowest  coverages  and  slightly  better  for  the  thicker  [ 
depositions.  No  traces  of  contaminants  were 
detected  using  either  x-ray  photoemission  or  core-  1 
line  SR  spectroscopy. 

The  angle-integrated  EDCs  were  taken  w’ith  a  > 
double-pass  cylindrical  mirror  analyzer  (CMA)  in  1 
the  retarding  mode  in  an  ultrahigh  vacuum  (UHV)  1 


system  described  previously.  The  light  source  was 
the  4*  beam  line  at  the  Stanford  Synchrotron 
Radiation  Laboratory  (SSRL),  equipped  with  a 
“grasshopper**  monochromator  providing  intense 
monochromatic  light  in  the  range  Av—65— 500 
eV.14  The  surface  of  the  sample  was  normal  to  the 
CMA  axis  and  the  light  was  impinging  at  grazing 
incidence  (15*).  The  overall  resolution  was  0.S  eV 
which  is  sufficiently  good  for  the  purpose  of  this 
study. 


m.  RESULTS 

This  section  is  a  summary  of  the  experimental 
photoemission  results  which  will  be  discussed  in 
Sec.  IV.  The  main  trends  in  the  experimental  data 
are  given  in  representative  plots.  The  valence-band 
dependence  on  the  Pt  coverage  (6  in  monolayer 
units)  is  summarized  in  Figs.  1  and  2  for  Av— 80 
and  130  eV,  respectively.  At  Av= i80  eV  the  PtSd 
photoionization  cross  section  is  much  greater  than 
the  Si  sp  (Ref.  25)  so  that  already  at  submonolayer 
coverages  (6  >0.33  ml),  and  Pt  5d  emission  is  the 


iNiw-s?ire  eNfeev  <»vi  ( 

FIG.  I.  Angle-integrated  photoelectron  energy  distri¬ 
bution  curves  tEDCs)  at  /i  v— 80  eV  for  Si(l ill  and  Pt 
at  increasing  coverages  at  room  temperature.  The  Pt  i 
coverages  quoted  in  the  figure  are  in  monolayer  units  j 
where  I  ml— 7.1  x  I0M  atoms/cm1,  i.e..  the  surface  den-  t 
sity  of  the  Sid  I U  substrate. 


FIG.  2.  Angle-integrated  EDCs  for  Sid  11)  and  Pt  in 
the  Cooper-minimum  region  for  the  Pt  Sd  photoioniza¬ 
tion  cross  section  (A  v— 130  eV).  Coverages  in  ML. 


dominant  feature  in  the  EDCs.  On  the  other  i 
hand,  at  hv— 130  eV  the  Cooper  effect  (strong  in 
Pt  metal  between  130  and  160  eV)  reduces  the 
emission  and  the  evolution  of  the  Si  valence  states 
are  clearly  revealed.  The  photon  energy  depen¬ 
dence  is  seen  better  in  Fig.  3  where  we  contrast,  at 
selected  6,  the  EDO's  at  the  Cooper  minimum  and 
those  with  the  dominant  d  contribution. 

The  Si  2^  (unresolved  doublet)  core  lines  taken  at 
a  photon  energy  of  160  eV  are  plotted  versus  9  (at 
selected  values)  in  Fig.  4.  In  the  figure,  the  peaks 
are  normalized  to  the  same  height  to  illustrate  the 
shape  modification*  as  a  function  of  coverage. 
There  is  a  very  pronounced  asymmetric  broadening 
of  the  line  towards  higher  binding  energy  with  in¬ 
creasing  coverage.  The  intensity  variations  of  the 
Si  2p  and  Pt  4/  levels  versus  9  are  given  in  Fig.  5. 
From  this  plot  alone,  it  can  be  deduced  directly 
that  the  Si-Pt  interface  is  not  atomically  abrupt  but 
that  some  intermixing  takes  place  since  the  Si  and 
Pt  peak  intensities  change  over  a  much  larger 
coverage  interval  than  the  electron  escape  depth 
(which  is  typically  5  k  at  these  energies.56  The 
shift  in  binding  energies  for  the  same  Si  and  Pt 
core  lines  as  a  function  of  coverage  is  shown  in 
Fig.  6.  The  observed  chemical  shifts  are  fairly 
small  and  in  opposite  directions  for  Pt  and  Si. 
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FIG.  3.  Photon  energy  dependence  of  photoemission  spectra  for  Si(l  1 1)  and  Pt:  comparison  between  Av=*80 
e'r  and  the  Cooper  minimum  (hv-m  130  eV)  at  selected!  low,  intermediate,  and  high  coverages  (in  ML). 


FIG.  4.  Coverage  dependence  of  Si  3p  core-line  \ 
photoemissioo  (unresolved  doublet)  at  hvm  160  eV.  The  't 
amplitude  of  the  spectra  has  been  normalized  to  the  ! 
same  value  in  order  to  follow  the  position  and  shape 
evolution.  The  spectra  are  plotted  vs  the  kinetic  energy  j 
of  the  photoelectrons;  in  fact,  the  absolute  binding  encr*  I 
gy  is  uncertain  by  a  factor  of  ±0.3  eV  because  of  the  j 
monochromater  calibration. 


It  is  noteworthy  that  all  the  photon  energies 
used  for  the  valence-band  and  core-level  results 
shown  in  Figs.  1  —4  give  similar  values  for  the 
electron  kinetic  energies,  corresponding  to  the 
minimum  of  the  escape  depth.16  This  makes  the 
core  and  valence  information  directly  comparable 
since  they  refer  to  the  same  sampled  depth  of  the 
Si-Pt  interface  (about  5  A). 


FIG.  5.  Intensity  profiles  of  Si  2 p  and  Pt  4/  core  lines 
as  a  function  of  the  coverage.  The  intensities  are  nor¬ 
malized  to  the  maximum  value  of  amplitude  of  the  Si 
and  Pt  signals  obtained  in  the  experiment  [i.e.,  the  clean 
Sidl  I)  surface  and  the  9«*40  Pt  coverage,  respectively!. 
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FIG.  6.  Binding-energy  venations  for  the  Si  2 p  and 
Pt  4/  core  lines  as  a  function  of  coverage.  The  curves 
are  the  best  fits  to  the  experimental  points. 


IV.  DISCUSSION 

In  order  to  -any  out  a  systematic  analysis  of  the  J 
0  dependence  of  the  spectra,  it  is  important  to  I 
note  some  general  features  present  in  the  spectra  of 
Figs.  1  and  2.  The  valence  spectra  never  reach  the  | 
shape  typical  of  pure  Pt  even  at  the  highest  cover- 1 
age  (6=40)  explored  in  the  presuit  research.  This! 
is  evident  by  comparing  the  spectra  shown  in  Fig. 

7  for  pure  Pt  (both  at  and  away  from  the  Cooper 
minimum)  with  the  highest  coverage  spectrum  \ 
(0=40)  of  the  Si(IlI)-Pt  interface  in  Figs.  1  and  \ 
2.  It  is  clearly  seen  that  even  at  very  high  cover-  \ 
ages  the  Sid  1 1)-Pt  spectrum  is  very  different  with  j 
respect  to  that  of  pure  Pt.  This  confirms  the  very 
strong  chemical  interaction  at  the  Si(lll)-Pt  inter¬ 
face  which  has  already  been  pointed  out  for  lower 
coverages  at  room  temperature  in  previous  work  by 
Abbati  et  al}1  The  pure  Pt  measurements  were 
taken  in  a  different  run  with  the  same  SSRL  beam 
line  from  a  (lOO)-oriented  clean  Pt  crystal.21  The 
scaling  factor  between  the  two  EDCs  (80  and  ISO 
eV)  can  be  directly  compared  to  those  of  the  inter¬ 
face  measurements.  This  comparison  provides 
direct  evidence  for  the  reduction  of  d  emission  due 
to  the  Cooper-minimum  effect  also  for  d  states  in¬ 
volved  in  bonds  with  Si;  the  total  counting  rate  in 
the  spectre  at  h  v=  130  eV  is  smaller  by  a  factor  ' 
variable  between  10  and  3  with  respect  to  the  specA 
tra  at /tv=80  eV.  It  is  apparent  that  relevant  con-  , 
tribution  from  local  density  of  states  around  Si  can 
be  deduced  from  the  results  at  the  Cooper  mini¬ 
mum. 

It  is  important  to  note  that,  in  the  intermediate 


FIG.  7.  Valence-band  angle-integrated  EDCs  for  ' 
pure  Pt  [Pt(lll)]  at  Av= 80  eV  and  in  the  Cooper- 
minimum  region  (hv=*  150  eV)  (Ref.  28).  The  amplitude 
of  the  curves  has  been  normalized  to  the  same  value;  the 
counting  rate  ratio  between  the  spectrum  at  Av=  80  eV 
and  the  spectrum  at  Av»  150  eV  is  /(/iv=»80 
eV)//(hv=150eV)=8. 


0  region,  the  valence-band  photoemission  is  al-  \ 
ready  typically  "silicidelike.”  For  example,  at  \ 
9=  1.45  and  2.50  the  valence  photoemission  at  \ 
Av=80  eV  is  similar  to  that  from  Pt2Si  and  PtSi  \ 
at  Av=21.2  eV  as  reported  by  Abbati  etalP  \ 

Thus,  at  these  coverages,  the  reaction  has  proceed-  \ 
ed  up  to  a  silicidelike  situation.  This  observation 
suggests  a  natural  way  to  divide  up  the  coverage 
regions  into  three  intervals,  which  will  be  discussed 
separately  below.  In  the  submonolayer  region 
(0  £  0.51)  there  is  not  sufficient  metal  present  to 
develop  a  silicidelike  interface,  while  at  high  cover¬ 
ages  (0  >10)  there  is  a  metal-rich  phase,  although 
some  general  features  typical  of  silicides  are  still 
present.  Of  course  there  is  not  a  clear-cut  distinc-  | 
tion  between  the  three  regions,  and  the  selection  of 
the  coverage  intervals  is  somewhat  arbitrary; 
nevertheless,  the  division  is  of  great  help  for  the  j 
discussion. 


A.  The  low-coverage  region  (9  <0.51  ml) 

In  this  coverage  region  the  most  interesting  re¬ 
sult  is  the  strong  modification  of  the  EDC  when  a 
very*  small  quantity  of  Pt  is  deposited  onto  the 
surface  (0=0.07).  The  Pt  contribution  to  the 


I 


1 
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valence- band  emission  is  very  small  (3—4%  of  the  1 
total  signal  at  Av— 80  eV,  as  can  be  deduced  by 
sealing  from  the  high-coverage  cases,  6*20  and 
40).  Thus,  in  the  absence  of  substrate  modifica¬ 
tions,  the  EDC  is  expected  to  be  basically  invari¬ 
ant.  On  the  contrary  a  dramatic  modification  of 
the  clean  Si  valence-band  contribution  is  seen  in 
Fig.  1  (A  va*  80  eV)  and  in  Fig.  2  (A  v- 130  eV), 
mainly  in  the  high-binding  energy  region  of  the 
valence  band.  This  indicates  that  a  small  fraction 
of  Pt  atoms  has  a  strong  effect  on  the  rearrange¬ 
ment  of  the  Sid  1 1)  surface,  most  probably  the  top¬ 
most  layer.  This  observation  indicates  that  the  in¬ 
teraction  between  Si  and  Pt  is  very  strong  to  that 
Pt  atoms  with  surrounding  Si  from  very  distorted 
localized  regions  which  alter  the  long  range  proper¬ 
ties  of  the  dean  Si  surface.  No  systematic  low- 
energy  electron  diffraction  (I.EEP)  studies  are 
available  on  this  subject  but  would  obviously  be  of 
great  value.  The  available  results  by  Roth  and 
Crowdl*  confirm  that  a  small  amount  of  several 
transition  metals  gives  a  strong  background  with  a 
considerable  attenuation  of  the  (2X 1)  pattern. 

This  is  consistent  with  the  strong  effects  seen  in 
the  present  photoemission  study  which  are  direct  1 
evidence  of  a  disruption  of  the  Si  surface  from  the 
very  beginning  of  the  interface  formation. 

As  far  as  the  nature  of  this  disruption  is  con¬ 
cerned  we  can  only  present  some  speculations 
which  should  stimulate  further  research  on  this  in¬ 
teresting  problem.  A  first  possibility  is  that  the  in¬ 
teraction  with  Pt  induces  a  partial  disordering  of 
the  surface.  This  would  be  consistent  with  the  de¬ 
crease  of  the  photoemission  intensity  from  the  two 
deepest  valence  structures,  since  a  trend  of  this 
kind  has  already  been  seen  in  the  comparison  be¬ 
tween  crystalline  and  amorphous  Si  (Refs.  30  and 
31)  (generally  observed  whenever  the  Si  states  be¬ 
come  more  localized).  Another  possibility  is  that 
the  interaction  with  Pt  induces  changes  in  the  re¬ 
laxation  of  the  top  Si  layer  with  a  consequent 
modification  of  the  surface  back  bonds  which  con¬ 
tribute  to  the  deeper  region  of  the  valence  band.31 
A  qualitative  comparison  to  the  calculations  by 
Pandey  and  Phillips11  for  the  (1 X 1)  Si  surface 
shows  that  the  modification  of  our  EDCs  is  in 
agreement  with  a  strong  reduction  of  the  relax¬ 
ation.  In  this,  case  the  reduction  should  be  origi¬ 
nated  by  the  metal  atoms  interacting  with  the  sur¬ 
face  lattice.  | 

Of  course  the  two  processes  can  be  present  at  the  . 
same  time  and  further  work  is  needed  to  assess  the  j 
problem.  In  any  case,  this  strong  modification  is  j 


of  crucial  importance  since  it  creates  the  surface 
which  interacts  with  Pt  deposited  at  increasing 
coverages. 

The  importance  of  this  disruption  mechanism  is 
also  confirmed  by  comparing  the  present  results 
with  our  previous  work10  where  the  dean  Si(l  11) 
spectrum  is  very  similar  to  that  obtained  for  0.07 
ml  in  the  present  experiment.  This  is  most  likdy 
due  to  a  different  quality  of  the  cleaves.  Imperfec¬ 
tions  in  the  deavage  procedure  probably  have  an 
effect  analogous  to  the  disruption  induced  by  the 
very  thin  Pt  overlayer.  With  these  precautions  in 
mind,  there  is  no  contradiction  between  the  present 
results  for  the  Si(lll)-Pt  interface  and  those  re¬ 
ported  earlier.10 

When  6  increases  beyond  0.07,  a  small  5 d  con¬ 
tribution  is  detectable  and  the  deeper-lying  Si  states 
are  modified,  as  can  be  seen  from  the  spectra  at 
the  Cooper  minimum.  Figs.  1  and  2.  This  is  the 
first  evidence  for  the  formation  of  mixed  orbitals 
between  Pt  Sd  and  Si  jp  states,  which  is  also  con¬ 
firmed  by  the  progressive  chemical  shifts  of  the  Si 
and  Pt  core  lines  in  opposite  directions  (see  Fig.  6). 
At  these  coverages  the  situation  is  not  yet  that  typ¬ 
ical  for  siliddes,  but  the  chemical  shifts  of  the  core 
lines  indicate  the  presence  of  a  chemical  reaction 
and  a  starting  trend  towards  a  silicidelike  situation. 


B.  The  intermediate-coverage  region 
(9-1-10  ML) 


The  intermediate-coverage  region  presents  a  high 
degree  of  stability  for  the  shape  of  the  valence- 
band  EDCs  both  at  Av— 80  and  130  eV  and  can 
be  characterized  as  the  silicidelike  region  of  the  in¬ 
terface.  In  fact  the  energy  position  of  the  major 
peak  and  its  width14  are  typical  for  silicides  as  al¬ 
ready  observed  in  the  ultraviolet  photoemission 
spectroscopy  (UPS)  experiments  at  Av— 21.2  eV,17 
and  for  other  reactive  Si— transition-metal  inter¬ 
faces  such  as  Si-Pd  (Refs.  1 1,  16,  and  17)  and  Si- 
Ni.11  The  stability  over  such  a  broad  interval  of 
coverages  is  the  result  of  a  chemical  reaction  in¬ 
volving  the  deposited  Pt  atoms  and  the  Si  sub¬ 
strate,  leading  to  a  silicidelike  phase  several  mono¬ 
layers  wide.  In  fact,  for  the  highest  coverages  in 
this  region  (5  and  10  ML),  the  unreacted  Si  surface 
is  at  least  10—15  A,  beyond  the  depth  sampled  by 
photoemission  (5  k). 

Before  discussing  the  details  of  this  coverage  re¬ 
gime,  wr  recall  the  interpretation  scheme  for  the 
Si— transition-metal  bond  introduced  by  Riley 


etai.'-  and  lately  applied  to  Pd-Si,10  based  both  on 
experimental  results  and  theoretical  calculations  of  | 
the  orbital  contributions  to  t)ie  various  EDC  struc-  j 
tures.  The  scheme  is  in  agreement  with  that  ob¬ 
tained  independently  by  Rubloff  er  al. 16  The 
three  main  features  of  the  valence  states  due  to  a 
Si— transition-metal  bond  are  (compare  Figs.  1  and 
2):  (i)  a  structure  A  around  0.5  eV  below  the  Fer¬ 
mi  level  containing  mixed  orbital  contributions 
from  Sip  and  metal  d  electrons  having  antibonding 
character;  (ii)  the  main  structure  B  containing 
dominant  Sip  and  Ptd  hybrid-bonding  contribu¬ 
tions  extending  between  —0.45  and  —2.5  eV,  being 
typical  (with  respect  to  the  Fermi  level)  of  the  sili- 
cide  bond  and  having  a  stronger  Pt  d  character  in 
the  peak  region  (—2  eV),  and  (iii)  a  deeper  struc¬ 
ture  C,  less  involved  in  the  bonding,  due  to  Sis 
electrons  with  a  minor  contribution  of  metal  d 
states.  The  bonding  scheme  is  discussed  in  detail 
by  Rossi  et  al. 10  and  the  reader  is  referred  to  this 
work  for  further  information. 

The  stability  of  the  bond  involving  hybridization 
between  Pt  d  and  Sip  st2tes  is  evident  throughout 
this  coverage  region  as  shown  by  the  presence  of 
only  minor  changes  in  the  EDC  shape  at  hv=130 
eV  (Fig.  2).  On  the  other  hand,  the  details  of  the 
valence-band  emission  at  both  photon  energies,  as 
well  as  the  core-line  spectroscopy  results,  indicate  a 
chance  in  composition  of  the  silicidelike  phase  as 
the  Pt  coverage  is  increased.  The  leading  peak  in 
the  EDC’s  at  /iv=S0  eV  shifts  towards  lower  bind¬ 
ing  energies  for  increasing  Pt  coverages.  This  is 
consistent  with  the  changes  observed  for  increasing 
Pt  depositions  in  a  silicidelike  interface,  as  reported 
by  Abbati  et  al.  in  Ref.  34  where  temperature-  ^ 
dependent  UPS  results  for  Si-Pt  were  presented.  f 

The  analysis  of  the  core-line  intensities  presented 
in  Fig.  6  shows  for  this  interval  a  strong  decrease 
of  the  Si  2p  emission  and  an  increase  in  the  Pt  4 / 
emission.  This  accounts  for  a  concentration  gra¬ 
dient  throughout  the  silicidelike  phase.  Additional 
information  can  be  obtained  by  analyzing  the 
chemical  shifts  of  the  core  levels.  The  Pt  4/  level 
shift  towards  lower  binding  energies  is  completed 
within  this  co\  erage  interval  (for  9  =  10),  and  the 
shifted  peak  remains  stationary  in  energy  in  the 
high-coverage  region,  suggesting  that  the  Pt  atoms 
see  gradually  fewer  Si  near  neighbors  and  are  even¬ 
tually  no  longer  sensitive  to  the  presence  of  dilute 
Si  in  the  high-coverage  region.  The  Si2p  core  j 

lines,  on  the  other  hand,  keep  shifting  towards  j 

higher  binding  energies  with  increasing  Pt  coverage  j 
which  is  consistent  with  a  trend  towards  higher  di-  • 


lution. 

It  should  be  noted  that  the  chemical  shifts  seen 
in  the  present  system  and  in  related  systems  are 
very  small.  Thus,  their  interpretation  merely -in 
terms  of  a  charge-transfer  mechanism  is  open  to  > 
difficulties  since  other  processes  are  also  expected 
to  contribute  to  core-line  shifts.  Such  contribu-  1 
tions  may  come  from  the  change  of  the  atomic 
configuration  due  to  Si-Pt  bond  formation,  the  re¬ 
normalization  of  atomic  levels  due  to  variations  of 
the  volume  available  per  atom,  and  the  variation  of 
relaxation  energy  as  a  function  of  hv.  The  discus¬ 
sion  of  the  charge  transfer  must  wait  for  accurate 
theoretical  accounts  of  these  effects  and  the  present 
data  can  constitute  a  valuable  experimental  basis 
for  such  theoretical  work. 

Here  we  note  only  that  a  trend  of  core-line 
shifts  as  in  Fig.  6  with  a  monotonic  and  opposite 
behavior  of  Si  and  Pt  levels  is  not  compatible  with 
a  model  based  uniquely  on  charge  transfer. 

Another  important  point  in  this  coverage  region 
is  the  modification  of  the  Si  2 p  line  shape,  which 
broadens  gradually  and  has  a  growing  tail  on  the 
high-binding  energy  side  of  the  unresolved  doublet. 
The  broadening  can  be  interpreted  as  the  simul¬ 
taneous  presence  in  the  sampled  depth  [—6  A.  for 
electron  kinetic  energies  of  55  eV  (Refs.  26  and 
30)]  of  Si  atoms  in  slightly  different  surroundings 
while  the  presence  of  the  skewed  line  shape,  much 
more  enhanced  in  the  high-coverage  region  as  dis¬ 
cussed  in  the  next  section,  is  related  to  the  metallic 
nature  of  the  interfacial  compounds  in  which  Si  is 
present.  We  note  that  this  is  the  first  time  that  the  | 
development  of  the  skewing  of  the  Si  2 p  line  shape  | 
is  clearly  followed  experimentally,  step  by  step,  as  ; 
a  function  of  coverage.  j 


C.  High  coverages  (0  >  10  ml) 

When  increasing  amounts  of  Pt  are  deposited  l 
onto  Si  at  room  temperature,  departure  from  the  j 
typical  silicidelike  situation  is  observed,  and  the  re-  j 
gion  explored  with  photoemission  becomes  richer 
in  the  metal  as  seen  from  Fig.  5.  It  is  noteworthy 
in  this  case  that  the  EDC  never  reaches  that  of  , 
pure  Pt,  thus  indicating  that  the  fraction  of  Si 
present  in  the  region  explored  with  photoemission 
is  of  paramount  importance  in  determining  the 
valence  stales  (compare  Figs.  1  and  2  with  Fig.  7). 
Furthermore,  it  is  important  to  note  that  the  struc-  ^ 
ture  C  (around  - 10  eV)  is  still  present  (Figs. 


1  —3).  This  indicates  that  the  gross  features  of  the 
chemical  bond  between  Si  and  Pt  are  basically  the 
same  although  the  system  is  -richer  in  the  metal  j 
than  at  intermediate  coverages.  This  structure  in-  | 
creases  in  intensity  when  6  increases  and  provides  ; 
evidence  that  some  metal  contribution  is  also 
present  in  C.  This  result  is  analogous  to  what  was 
seen  previously  for  the  Si-Pd  interface  and  is  con¬ 
sistent  with  the  Si— Pt  and  Si— Pd  bond  calcula¬ 
tions  by  Abbati  el  al.3*  However,  this  paper  pro¬ 
vides  a  new  insight,  namely  that  the  structure  C  is 
observed  not  only  at  the  Cooper  minimum,  but 
also  at  /tv** 80  eV  for  9=40  and  thus  must  con¬ 
tain  d-electron  character  as  suggested  by  calcula¬ 
tions  on  silirides.25'303,37. 

Another  important  point  is  the  modification  of 
the  EDC  shape  at  increasing  6.  In  the  d-band  re¬ 
gion  the  deepest  states  give  a  stronger  contribution 
to  the  photoemission  spectra,  mainly  at  the  Cooper 
minimum,  than  the  most  shallow  ones.  This  trend 
is  also  found  in  pure  Pt  (see  Fig.  7)  where  the 
deeper  states  give  a  smaller  Cooper  effect.  In  the 
interface  this  trend  would  seem  to  be  enhanced. 

The  presence  of  Si  in  the  region  explored  doe 
not  imply  that  Si  is  present  at  constant  concentra¬ 
tion  in  the  overlayer.  Strictly  speaking,  we  cannot 
exclude  that  something  similar  to  the  Si-Au  case31 
takes  place,  where  an  intermediate  Au-rich  layer  is 
found  beneath  a  Si-enriched  surface  layer.  This 
point  deserves  further  investigation  with  depth- 
profiling  techniques.  But  it  is  very  likely  that  the 
strong  energy  gain  in  the  Si-Pt  reaction,  as  com¬ 
pared  to  the  small  one  for  Si-Au,  does  not  lead  to 
a  Pt-rich  layer  with  Si  segregated  on  top. 

In  the  metal-rich  phase  seen  at  high  0  a  strong 
change  is  seen  in  the  Si  Ip  emission,  both  in  energy 
position  and  in  line  shape,  enhancing  the  trends  al¬ 
ready  mentioned  for  the  intermediate  ©  region  in 
Sec.  IV  3.  The  line-shape  change  is  of  the  Sunjic- 
Doniach  type  observed  for  core  levels  in  metals 
when  hole-pair  formation  around  the  Fermi  level 
accompanies  the  photoemission  excitation.3’  Of 
course  we  cannot  exclude  the  fact  that  energy-loss 
mechanisms  can  also  contribute  to  the  line-shape 
modification.  The  skewed  line  shape  (see  Fig.  8) 
for  higher  coverages  (0=20)  is  consistent  with  the 
Sunjic-Doniach  model,  which  predicts  this  will  \ 
happen  with  the  increase  of  available  states  in  the 
Ef  region  when  the  system  becomes  metal  rich.  1 
The  same  results  have  been  found  for  the  Si-Pd  in¬ 
terface  at  high  coverages.1'  Therefore,  it  is  prob¬ 
ably  a  reliable  characteristic  of  the  change  from  a 
Si-rich  to  a  metal-rich  situation. 


FIG.  8.  Si  Ip  core  line-shape  evolution  between  the  \ 
clean  SiUll)  case  and  6=20  ML  of  Pt  onto  Sid  11).  j 
The  peak  positions  have  been  aligned  in  order  to  demon-  I 
strate  the  broadening  and  the  change  in  line  shape.  For  ! 
the  binding-ene.  gy  shift  between  6=0  and  20,  see  Figs.  ■ 
4  and  6.  ' 


V.  SUMMARY  OF  INTERFACE 
GROWTH  AND  CONCLUSIONS 

The  current  work  is  the  first  extensive  study  of 
the  Si-Pt  interface  at  room  temperature  by  means 
of  the  Cooper-minimum  photoemission  technique. 
Here  we  summarize  schematically  the  results  con¬ 
cerning  the  interface  growth  when  increasing 
amounts  of  Pt  are  deposited  onto  the  Sid  1 1)  sur¬ 
face. 

(1)  At  submonolayer  coverages  the  major  effect 
is  a  dramatic  change  of  the  relative  intensities  of 
the  Sid  11)  valence-band  peaks  indicating  that  a 
very  small  number  of  Pt  atoms  have  long-range- 
order  effects  on  the  surface  and  can  change  the 
surface  relaxation  even  before  silicidelike  bonds  are 
formed. 

(2)  At  increasing  coverages  the  Si-Pt  reaction 
leads  to  a  wide  silicidelike  interface  with  a  bonding 
configuration  of  strong  Sip  — Ptd  hybridization. 
This  region  has  a  concentration  gradient  leading 
gradually  to  a  metal-rich  mixed  phase.  The  chemi¬ 
cal  reaction  proceeds  with  small  chemical  shifts  of 
the  Si  Ip  and  Pt  4/  core  levels  towards  higher  and 
lower  binding  energies,  respectively. 


(3)  A  metal-rich  phase,  containing  diluted  Si,  is 
eventually  reached  at  high  coverages;  this  phase 
still  has  silicidelike  bonding  characteristics  and  a 
valence  band  markedly  different  from  pure  Pt.  In 
this  region  the  Si  Ip  core  lines  have  a  typical  asym¬ 
metric  line  shape. 

A  more  detailed  analysis  of  the  present  data  will 
be  possible  when  theoretical  treatments  of  the 
Cooper  effect  in  transition-metal  compounds  and 
of  core  lines  (both  chemical  shifts  and  line  shapes) 
are  available  together  with  more  experimental 
structural  information.  The  present  paper  will 
hopefully  stimulate  further  work  in  this  direction. 
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ABSTRACT 

We  give  the  first  photoemission  results  on  the  enhancement  of  Si  reac¬ 
tivity  to  oxygen  when  a  noble  metal  (Ag)  is  present.  The  tunability  of 
synchrotron  radiation  (SR)  has  been  used  to  get  high  surface  sensitivity 
and  to  take  advantage  of  cross  section  energy  dependence.  We  show  that 
when  one  monolayer  of  Ag  is  deposited  onto  Si (111)  the  exposure  to  oxygen 
(30.106L)  originates  the  overgrowth  of  an  oxide  phase  which  is  basically 
Si 02 -  This  indicates  that  Ag  breaks  the  sp3  configuration  of  Si  atoms  with 
a  consequent  dramatic  increase  in  the  Si  reactivity.  This  behaviour  rules 
out  the  model  of  Ag  adsorbed  on  top  of  Si  with  an  atomically  abrupt  interface. 
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One  of  the  crucial  problems  In  the  field  of  semiconductor  d-metal 
interfaces  Is  to  establish  If  intermixing  takes  place  or  if  the  interface  is 
atomically  sharp  so  that  it  can  be  used  as  a  test  case  for  available  theories 
which  assume  such  simple  geometry  [1].  In  Si  d-metal  interfaces  a  considerable 
amount  of  Intermixing  has  been  observed  In  the  cases  studied  spectroscopally 
In  the  last  few  years  [2].  Till  now  the  only  interface  not  showing  intermixing 
was  thought  to  be  Si ( 1 11 ) -Ag  [3-6]  but  quite  recently  we  have  open  a  controversy 
by  suggesting  on  the  basis  of  synchrotron  radiation  photoemission  that  inter¬ 
mixing  does  take  place  for  this  system  [7,8].  The  problem  of  a  better  under¬ 
standing  of  the  $1(1U)-Ag  Interface  from  the  point  of  view  of  the  electron 
states  is  thus  particularly  timely.  In  particular  it  is  interesting  to 
establish  if  the  (sp3)  configuration  of  Si  atoms  is  broken  upon  the  deposi¬ 
tion  of  Ag  atoms.  This  problem  can  be  addressed  very  effectively  with  an 
experiment  in  which  the  oxidation  of  the  interface  is  used  as  a  test.  We 
present  here  the  results  of  such  an  experiment  which  is  very  discriminating 
between  sharp  overgrowth  of  Ag  and  penetration  of  Ag  into  the  sample.  In 
the  former  case  (sp^)  configuration  of  Si  needs  not  to  be  broken  as  in 
the  model  of  [3,4]  based  on  Ag  adsorbed  on  top  of  surface  Si  atoms  with 
saturation  of  the  dangling  bonds.  In  this  case  the  Si  reactivity  to  oxygen 
should  decrease  whereas  it  must  Increase  dramatically  if  sp3  configuration 
is  broken  as  it  has  been  clearly  shown  by  the  recent  results  by  Cros  et  al . 

[11]  on  Si-Au. 

Fresh  SI ( 1 1 1 )  surfaces  were  prepared  in  situ  by  cleavage  of  n-type 
(  10^cm~3)  silicon  in  ultra  high  vacuum  (operative  pressure  lxl(H0  torr). 

The  Ag  overlayer  was  obtained  by  evaporation  from  a  Ag  bead  on  a  tungsten 
filament  wire.  A  careful  determination  of  the  Ag  coverage,  was  obtained 
with  the  experimental  arrangement  described  in  [9].  The  estimation  of  1  ml 


is  accurate  withing  +  5  %  assuming  a  unitary  sticking  coefficient  for  Ag 
on  Si (111)  at  RT. 

The  maximum  pressure  during  the  evaporation  was  3x10“^  torr  and  the 
sample  surface  was  more  than  10  cm  apart  from  the  Ag  source  so  to  avoid 
heating  of  the  surface  by  irradiation  from  the  evaporator.  The  oxygen 
exposures  were  made  using  a  leak  valve  with  all  the  hot  filaments  and  voltages 
in  the  UHV  apparatus  turned  off  to  avoid  excitation  of  the  oxygen.  The  O2 
partial  pressure  was  monitored  with  a  cold  cathod  Redhead  gauge.  The 
sample  was  exposed  to  30.10®  L  of  unexcited  oxygen;  this  exposure  Is  con¬ 
venient  because  it  is  higher  then  that  required  for  the  saturation  of  the 
oxygen  uptake  at  room  temperature  by  clean  Si (111)  which  is  a  case  well 
studied  with  photoemission  [12]. 

The  difference  in  the  behavior  of  the  clean  Si  surface  and  of  that 
treated  with  Ag-is  astonishing  as  it  is  seen  from  the  core  lines  of  Fig.  1 
measured  at  photon  energies  which  insure  a  great  surface  sensitivity  (i.e. 
kinetic  energies  in  the  minimum  region  of  the  escape  depth  [10]).  Ag  3d 
were  measured  at  h  =  450  eV  and  Si  2p  (unresolved  doublet)  at  h  =160  eV. 

The  increase  of  Si  reactivity  when  the  surface  is  treated  with  Ag  is 
evident.  In  SI (11 1 )  without  Ag  (point  dotted  line  of  Fig.  lb)  the  oxygen 
uptake  originates  in  the  Si  2p  core  line  spectra  the  typical  shoulder  around 
-2.6  eV  below  the  unoxidized  line,  in  agreement  with  the  literature:  the 
detailed  Interpretation  of  this  structure  is  still  open  to  controversies 
but  there  is  no  doubt  that  It  corresponds  to  a  situation  very  far  from  SiOg; 
as  suggested  in  (12)  It  Is  likely  that  most  of  the  Si  atoms  are  coordinated 
to  two  oxygen  atoms  Instead  of  four  as  in  S102-  The  surface  treated  previously 
with  Ag  is  much  more  reactive  (dashed  line  in  Fig.  lb)  as  seen  from  the  much 
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more  intense  shifted  line  and  from  the  much  higher  chemical  shift  which  is 
-3.8  eV  with  respect  to  the  clean  surface. 

Only  a  minor  amount  of  broadening  is  observed  on  the  shifted  Si  2p  core 
lines  with  respect  to  the  residue  unshifted  peak;  this  indicates  the  presence 
of  one  dominant  oxidation  product.  The  oxidation  state  as  indicated  by 
the  chemical  shift  (3.8eV)  is  basically  that  of  Si02  although  the  oxide 
overlayer  is  so  thin,  as  shown  below,  that  a  great  fraction  of  the  atoms 
cannot  have  the  complete  coordination  as  in  bulk  SiOg. 

As  a  result  of  the  interaction  of  the  interface  with  oxygen  Ag  core  line 
are  attenuated  (see  Fig.  1,2)  but  not  shifted.  Thus  the  oxygen  interaction 
with  Ag  is  negligible  and  the  attenuation  of  the  Ag  3d  emission  indicates 
that  Ag  atoms  are  certainly  below  the  surface  region,  possibly  intermixed 
in  the  Si O2  overlayer.  By  taking  into  account  the  Ag  attenuation,  the  Si 
increase  and  the  escape  depth  values  one  obtains  that  approximately  1.5-2 
monolayers  of  oxide  have  been  grown.  The  residual  unoxidized  Si  2p  emission 
is  due  basically  to  Si  atoms  at  the  boundary  between  the  oxide  region  and 
that  where  Ag  is  present.  The  small  shift  (0.3  eV)  towards  the  higher  binding 
energies  observed  for  the  unoxidizd  Si  2p  peak  cannot  be  explained  with  a 
change  in  band  bending  since  this  would  be  also  reflected  in  the  Ag  core  lines 
which  on  the  contrary  remain  at  constant  energy.  The  explanation  of  this 
chemical  shift  is  not  unique  because  several  parameters  are  involved  in  the 
chemical  and  structural  change  of  the  oxidized  interface.  Probably  the  most 
important  phenomena  involved  in  this  shift  in  binding  energy  are  a  charge 
transfer  of  the  Si  atoms  in  contact  with  the  oxide  and  a  change  in  relaxation 
energy  due  to  the  new  environment  of  those  Si  atoms. 

The  growth  of  a  phase  strictly  conneted  with  SiOg  is  also  confirmed  by 
valence  photoemission  colleted  in  Fig.  2.  In  the  upper  part,  we  give  the 


photoelectron  spectra  at  h*  *  80  eV  where  the  d-contribution  is  dominant; 
the  attenuation  of  the  4d  contribution  from  Ag  is  clear  and  is  consistent 
with  core  line  intensities  while  the  oxygen  2p  around  -6.2  eV  from  Ep  is 
seen.  In  the  lower  part  of  Fig.  2,  we  give  the  results  at  the  Cooper 
minimum  for  photoionization  of  Ag  4d  shells  (hi/  *  130  eV)  so  that  the 
information  from  Si  (sp)  and  oxygen  p  states  is  emphasized.  In  particular, 

0  2p  gives  a  very  strong  signal  in  the  spectrum  of  the  oxidized  intraface. 

It  is  Interesting  to  compare  this  spectrum  with  that  of  Si  (111)  without  Ag 
exposed  to  oxygen.  This  last  case,  a  p  contribution  from  Si  is  clearly 
seen  around  2.2  eV  while  this  region  is  considerably  depleted  in  the  Interface 
treated  wiv:h  Ag;  this  is  another  evidence  of  the  growth  of  a  phase  closely 
related  to  Si O2  when  the  Si  is  pretreated  with  Ag.  (In  fact,  the  highest 
valence  band  levels  in  Si O2  are  the  states  at  —  6  eV.)  The  above 
results  are  relevant  in  three  respects: 

(1)  They  are  the  first  photoemission  results  on  the  enhancement  of  Si 
oxidation  due  to  the  presence  of  a  d-metal;  they  extend  the  Auger  and  electron 
energy  loss  results  presented  recently  by  Cros  et  al  [11]  for  Si-Au  system  and 
show  the  usefulness  of  SR  photoemission  in  the  study  of  these  problems. 

(ii)  They  are  the  conclusive  evidence  of  the  fact  that  sp3  configuration 
of  SI  Is  broken  upon  the  the  arrival  of  Ag  atoms;  otherwise  such  an  increase 
in  Si  reactivity  could  not  be  understood.  This  point  answers  the  question 
presented  in  the  Introduction  and  shows  that  Ag  atoms  are  not  adsorbed  on 
top  ot‘  Si  as  suggested  In  [3];  the  spectroscopic  consequences  of  this  Inter¬ 
action  will  be  discerned  in  much  more  detail  elsewhere  [13].  Here  we  limit 
ourselves  to  state  that  the  present  results  eliminate  the  privlligiate  posi¬ 
tion  of  the  SI -Ag  interface  as  a  good  test  case  for  easy  and  manageable 
theories  which  assume  atomically  sharp  Interfaces. 
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( i i 1 )  They  show  the  possibility  to  modify  the  Si-SiOg  interface  upon 
predeposition  of  a  very  thin  metal  layer  onto  the  Si  substrate.  This  point 
is  of  great  practical  importance  in  device  fabrication  and  applications.  In 


fact  the  abruptness  of  the  Si-Si02  interface  and  the  density  of  interface 
states  may  be  substantially  modified  by  the  presence  of  the  metal  layer  which 
on  the  other  hand  is  sufficiently  thin  not  to  affect  the  electrical  charac¬ 
teristics  of  the  junction. 

The  present  results  calls  for  further  structural  investigation  on  the 
subject  and  are  a  strong  support  In  favour  of  the  conjecture  presented  by 
Oura  et  al.  [14]  and  by  Rossi  et  al.  [8]  on  the  penetration  of  Ag  beneath 
the  surface.  On  the  basis  of  this  work  there  must  be  no  more  controversy 
on  the  occurrence  of  surface  disruption  and  this  calls  for  a  new  interpreta¬ 
tion  of  the  available  LEED  results.  Another  conclusion  is  the  fact  that 
at  present  no  atomically  sharp  interface  between  Si  and  a  d-metal  is 
known.  Thus,  future  research  should  cope  both  with  the  problem  of  develop¬ 
ing  more  sophisticated  theories  accounting  for  intermixing  and  of  finding 
out  preparation  procedures  to  minimize  the  intermixing  when  this  is  needed 
for  technological  reasons. 
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FIGURE  CAPTIONS 

Figure  1  (a)  Ag  3d  core  lines  from  Si (111)  with  1  monolayer  Ag  before  ex¬ 


posure  to  oxygen  (solid  line)  and  after  exposure  to  30  •  106 
L  of  unexcited  oxygen  (dashed  line). 

(b)  Si  2p  unresolved  doublet  from  Si  (111)  with  1  monolayer  Ag 
before  exposure  to  oxygen  (solid  line)  and  after  exposure  to 
30  106  L  of  unexcited  oxygen  (dashed  line).  The 
dashed  line  pertains  to  Si  (111)  without  Ag  with  the  same 
oxygen  exposure. 

The  binding  energies  are  referred  to  the  unshifted  position. 
In  each  section  of  the  figure,  the  intensities  are  normalized 
to  the  case  without  oxygen. 

Figure  2  Valence  photoemission  from  Si  (111)  with  1  monolayer  of  Ag 
before  exposure  to  oxygen  (solid  lines)  and  after  exposure 
to  30  •  10®  L  of  unexcited  oxygen  (dashed  lines).  Fig.  2a 
refers  to  h^  *  80  eV  and  Fig.  2b  refers  to  hv  =  130  eV.  The 
dot  -  dashed  line  at  hv  »  130  eV  refers  to  Si  (111)  without 
Ag  with  the  same  exposure  to  oxygen. 

In  each  section  of  the  figure,  the  intensities  are  normalized 
to  the  case  without  oxygen. 
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ABSTRACT 

A  synchrotron  radiation  (SR)  photoemission  investigation  of  the  Si(lll) 
cleaved  surface  +  Ag  thin  overlayers  (0.25  -2.5  monolayers  (ML)  has  been 
carried  out  at  room  temperature  with  the  Cooper  Minimum  method  and  at 
liquid  nitrogen  temperature  (LNT)  for  a  critical  coverage  (0.5  ML)  with  the 
energy  dependent  escape  depth  method.  The  two  experiments  give  independent 
evidences  of  intermixing,  following  chemical  reaction,  between  Ag  and  Si  at 
the  very  low  coverages,  indicating  that  the  very  early  stage  of  the  Si (111)/ 
Ag  junction  is  not  a  sharp  interface  but  an  intermixed  region  extended  to  at 
least  two  layers  of  material. 
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INTRODUCTION 


The  Sl/Ag  Interface  has  been  the  subject  of  several  investigations, 
mostly  by  means  of  structural  methods  (LEED,  ISS,  SRM)  because  of  its 
apparent  singularity  with  respect  to  the  other  Si/d-metal  interfaces.1*3 
In  fact,  while  all  the  Si/d-metal  Interfaces  show,  at  different  degrees, 
chemical  reactivity  and  Intermixing,  the  Si/Ag  junction  has  been  described 
as  an  abrupt  interface  with  a  weak  Interaction  of  Ag  atoms  positioned  in 
on  top  sites  of  the  Si (111)  surface. [4]  In  a  very  recent  article, [5]  we 
reported  on  the  presence  of  a  chemical  reaction  at  the  Ag/elemental 
semiconductors  Interfaces  as  a  result  of  an  investigation  on  the  modifi¬ 
cations  of  the  semiconductor  density  of  valence  states  versus  Ag  coverage, 
and  core  line  chemical  shifts.  The  presence  of  a  chemical  reaction,  however, 
does  not  prove  per  se  that  a  mixed  phase  is  formed  at  the  interface;  in 
fact,  the  reactivity  could  be  saturated  when  all  the  Si  surface  atoms 
have  reacted  with  the  first  monolayer  of  Ag  deposited  on  top,  as  assumed 
in  a  simple  chemisorption  model.  In  the  present  article  we  summarize  the 
independent  results  obtained  in  two  different  photoemission  experiments 
regarding  the  Sl/Ag  Interface  at  RT  with  an  Investigation  of  the  valence 
EDCs  with  different  sensitivity  to  the  Ag  4d  contribution  (Cooper  Minimum 
method),  the  core  line  intensity  profiles  of  Si  2p  and  Ag  3d  versus  coverage, 
and  the  thermal  evolution  of  the  Sl/Ag  Interface  between  LNT  and  RT  measuring 
the  valence  ECDs  with  different  surface  sensitivities.  Both  experiments 
give  independently  the  evidence  of  the  formation  of  an  intermixed  region 
extended  to  at  least  2  layers  of  material  which  has  to  be  considered  the 
real  starting  point  for  the  subsequent  growth  of  the  Ag  overlayers. 
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EXPERIMENTAL 


The  experiments  were  performed  with  the  same  UHV  apparatus  (which  has 
been  described  In  6)  using  two  different  beam  lines  at  Stanford  Synchrotron 
Radiation  Laboratory:  (1)  the  4  degree  beam  line  equipped  with  a  "grasshopper" 
monochromator  for  the  RT  experiments  where  photon  energies  of  hu*80  eV, 
hv*130  eV  (Ag  4d  Cooper  Minimum)  were  used  for  the  valence  band  and  hv*l60  eV, 
hu=450  eV  for  the  core  levels,  (2)  the  8  degree  beam  line,  equipped  with  a  Seya 
Namloka  monochromator  was  used  for  the  temperature  dependent  experiments  at 
photon  energies  of  hv=30  eV  and  hv-21  eV.  In  the  latter  case,  the  escape 
depth  values  are-7  f\  and -15  ft[7],  respectively,  and  the  surface  sensi-  * 
tivity  is  substantially  different;  whereas  all  the  measurement  on  the  4° 
beam  line  were  done  with  the  highest  possible  surface  sensitivity  (the 
kinetic  energy  of  the  photoelectrons  was  in  the  range  70-120  eV,  which 
corresponds  to  the  minimum  of  the  escape  depth  for  all  these  measurements, 
so  that  the  whole  set  of  data  refers  to  the  sampled  region  of  the  material 
and  are  directly  comparable.  The  samples  were  cleaved  in  UHV  (operative 
pressure  of  7  x  10-1^  torr)  and  the  evaporations  made  from  a  Ag  bead  at 
presures  below  1  x  10“^  torr  and  monitored  with  a  quarz  oscillator.  The 
accuracy  of  the  determined  coverage  was  better  than  80%  for  the  lowest 
coverage  and  better  than  95%  for  the  higher  coverages  as  checked  indepen¬ 
dently  In  situ  with  XPS  core  line  Intensity  ratios.  The  angle  integrated 
photoemission  spectra  were  obtained  with  a  double  pass  CMA  *Uh  the  sample 
surface  normal  to  the  analyzer  axis  and  the  SR  beam  impinging  at  grazing 
Incidence. 
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RESULTS 


The  results  of  the  present  paper  are  summarized  in  Figs.  1  and  2  for 
the  coverage  dependence  of  the  valence  density  of  states  at  RT.  Fig.  1 
shows  the  series  of  EOCs  taken  at  hv»80  eV  where  the  Ag  4d  emission  Is 
dominant.  From  this  data  we  can  see  the  evolution  of  the  shape  and  energy 
position  of  Ag  4d  band.  A  total  shift  of  1  eV  towards  the  Fermi  level  Is 
observed  as  well  as  a  broadening  of  the  peak.  The  peak  shape  becomes  more 
similar  to  that  of  pure  Ag  with  the  typical  shoulder  of  deeper  d  states.  We 
note  that  the  Ag  4d  peak  position  at  0=2.5  Is  still  deeper  for  0.15  eV 
with  respect  to  the  pure  Ag  case.  Fig.  2  shows  the  same  set  of  samples 
measured  at  the  Cooper  minimum  for  the  photoionization  cross  section  of  Ag  4d 
electrons  ( hz/=l 30  eV).  At  this  energy  the  sensitivity  to  the  sp  states  of 
the  Si  substrate  is  of  the  same  order  of  magnitude  as  that  to  Ag  4d,  so  that 
the  evolution  of  Si  contribution  to  the  total  DOS  is  easily  followed.  Fig.  3 
presents  the  data  for  the  Si (111)  +  0.5  monolayers  of  Ag  sample  prepared  at 
LNT  and  then  annealed  at  RT,  for  two  photo  energies:  hi/=30  eV  and  hi/=21  eV. 
All  the  spectra  in  this  figure  were  taken  with  the  sample  at  LNT  in  order 
to  exclude  any  possible. experimental  artifacts  due  to  different  conditions  of 
the  sample  during  the  measurements;  the  annealing  time  at  RT  was  2  minutes. 

In  Fig.  4,  we  summarize  the  core  level  emission  intensities  at  RT  for  Si 
2p  and  Ag  3d  versus  coverage. 

DISCUSSION 

The  evolution  of  the  valence  band  structure  for  the  Sl/Ag  interface  at 
RT  as  seen  In  Figs.  1  and  2  Is  typical  for  the  Sl/d  metal  [8]  Interfaces. 

In  fact  the  shape  of  the  EDCs  and  the  binding  energy  values  for  the  peaks 
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indicate  that  the  main  structure  is  due  to  metal  d-SI  p  hybrids  with  an 

increasing  metal  contribution  when  the  coverage  is  increased;  in  particular 

the  EDC  for  0=2.5  cannot  be  considered  as  a  simple  addition  of  the  substrate 

and  the  Ag  contributions.  Furthermore  the  evolution  of  the  deep  structure  at 

11  eV  below  the  Fermi  level  (mostly  due  to  Si  s  electrons)  shows  a  shift 

towards  lower  binding  energies,  as  clearly  seen  in  the  Cooper  minimum  spectra 

of  Fig.  2.  The  shift  of  the  s  contribution  towards  lower  binding  energies 

is  the  spectroscopic  fingerprint  of  the  breaking  of  the  tetrahedral  co-ordination 

of  Si,  due  to  the  chemical  reaction  with  Ag  and  the  rehybridization  of  the 

valence  states.  This  fact  has  been  systematically  observed  for  all  the  Si/d 

metal  "reactive"  interfaces,  and  is  widely  reported.  The  important  difference 

in  the  present  case  is  that  the  discussed  features  regard  a  much  smaller  coverage 
* 

range;  in  fact  at  0=2.5  the  situation  is  already  converging  towards  that  of 
pure  Ag  and  for  e=5  ML  (  not  reported  here)  an  almost  pure  Ag  spectra  is  seen. 
Contrarywise  in  the  "reactive"  cases  a  high  stability  of  the  EDC  shape  both 
at  hu=80  eV  and  the  Cooper  Minimum  is  observed  over  a  coverage  range  of  several 
tens  of  monolayers.  This  point  is  of  great  importance  because  on  the  basis  of 
less  direct  experimental  evidence  (UPS  with  conventional  light  sources  and  AES) 
the  given  Interpretation  was  simply  that  of  a  sharp  interface. 

The  first  point  of  the  discussion  does  not  solve  by  itself  the  problem 
of  the  Interface  growth;  in  fact  the  chemical  reaction  could  have  been  limited 
to  the  top  layer  and  the  discussed  data  could  in  fact  be  consistent  with  an 
atomically  sharp  interface.  However,  core  line  analysis  and  temperature  depen¬ 
dence  can  provide  additional  and  critically  Important  Information.  From  Fig.  4 
we  see  that  at  submonolayer  coverages  the  slopes  of  Ag  3d  and  SI  2p  intensities 
are  different  from  that  expected  for  a  sharp  interface.  In  particular,  the  Ag 
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3d  Intensity  does  not  Increase  In  a  geometric  way  with  the  coverage.  In  fact 
If  the  Ag  atoms  were  In  on  top  positions  on  the  SI  surface  we  should  have 
expected  the  Ag  signal  to  double  In  Intensity  for  doubled  coverages.  The 
results  of  Fig.  4  show  on  the  contrary  that  25%  of  the  Ag  signal  is  lost  when 
1  ML  Is  deposited.  This  fact  is  the  first  evidence  that  intermixing  is  taking 
place  at  the  Interface  at  RT.  In  fact  we  can  rule  out  the  presence  of  agglom¬ 
eration  at  such  low  coverages  because  in  order  to  account  for  a  25%  loss  of 
signal  we  should  hypotise  the  growth  of  3-dimenslonal  islands  at  least  two 
layers  thick  which  is  against  the  known  island  formation  at  low  coverages; 
where,  in  case  of  agglomeration,  almost  two  dimensional  islands  are  formed  [1]. 
The  attenuation  of  the  Si  2p  signal  requires  assumptions  on  the  exact  escape 
depth.  This  thus  is  a  less  direct  determination,  nevertheless  it  seems  to 
give  results  in  agreement  with  the  evidence  above  accounting  for  the  presence 
of  intermixing  in  at  least  the  first  two  layers  of  materials.  The  data  from 
the  experiment  on  temperature  dependence  are  given  in  Fig.  3.  The  preparation 
of  the  Interface  at  LNT  was  intended  to  minimize  the  kinetics  of  the  reaction 
and  the  Intermixing.  A  band  bending  is  seen  In  the  spectra  at  hu=30  eV, 
where  -Mtawwlf  the  Si  s  structure  moves  toward  higher  B.  E.  with  respect 
to  the  Fermi  level  when  0.5  ML  of  Ag  are  deposited  on  the  clean  Si(lll)  surface. 
The  evolution  of  the  EOC  shape  when  the  smaple  was  heated  is  a  small  broadening 
of  the  main  structure  (Ag  4d)  suggesting  the  presence  of  different  bond  sit¬ 
uations  available  for  Ag  atoms  In  the  reacted  Interface.  But  the  major  result 
of  Interest  for  the  present  discussion  Is  that  a  decrease  in  Ag  4d  emission 
Intensity  Is  seen  In  the  sample  annealed  at  RT  with  respect  to  the  sample 
prepared  at  LNT.  The  fact  that  the  area  under  the  Ag  peak  is  smaller  after 
annealing  gives  a  strong  evidence  for  the  activation  or  the  enhancement  of 
intermixing  between  Ag  and  Si  at  RT  with  respect  to  LNT  and  definitly  a  proof 
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that  Intermixing  Is  present  at  least  at  RT.  As  shown  In  the  figure  the  re¬ 
duction  of  Ag  4d  signal  Is  different  depending  on  the  photon  energy  used. 

This  result  allows  us  to  make  an  estimation  of  the  Intermixing.  In  fact 
the  1 5%  attenuation  of  the  Ag  signal  seen  with  hua30  eV  (i.e.  with  an  escape 
depth  of  7  X)  and  the  5*  attenuation  seen  with  to-21  eV,  (I.e.  with  15  % 
of  escape  depth)  are  consistent  with  the  assumption  of  2  Intermixed  layers. 

If  we  hypotlse  approximately  zero  mixing  at  LNT.  This  estimation  Is  only 
Indicative  and  we  do  not  want  to  over  emphasize  the  absolute  value.  It  Is 
nevertheless  noteworthy  that  a  value  similar  to  that  deduced  from  the  core 
line  Intensities  Is  obtained  Independently  in  this  way. 

An  intermixing  of  two  layers  seems  to  agree  with  the  recent  results  by 
Oura  et  al.  [10],  who  on  the  basis  of  ISS  and  surface  potential  measurements, 
describe  the  Ag  /3  x^  superstructure  on  SI (1 1 1 )  as  constituted  by  Ag 
atoms  beneath  the  surface,  which  Is  pure  SI.  The  mobility  of  Ag  atoms  In 
the  first  few  kop  layers  of  SI  thus  seems  to  be  compatible  with  the  presence 
of  well  defined  Ag  reconstructions.  Our  results  therefore  consltute  an  impor¬ 
tant  step  forward  in  the  understanding  of  the  Si(111)/Ag  interface. 

CONCLUSIONS 

From  two  Independent  experiments  we  have  evidence  for  Intermixing  at  the 
Ag/SI (111)  Interface  at  RT  Involving  the  very  top  layers  (about  2  ML)  of  the 
surface.  The  understanding  of  the  Sl/Ag  interface  growth  for  an  extended 
coverage  Interval  has  to  take  In  account  the  presence  of  this  narrow  reacted 
and  mixed  region,  which  is  the  actual  substrate  for  the  further  Ag  growth. 
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FIGURE  CAPTIONS 


Fig.  1 


Fig.  2 


Fig.  3 


Fig.  4 


Angle  integrated  photoelectron  energy  distribution  curves 
at  hv*80  eV  for  Si(lll)/Ag  interfaces  at  increasing  coverage 
tf  (solid  curves)  compared  with  the  FDC  for  a  c  »an  Si(lll) 
cleaved  surface  (dashed  curve)  the  coverages  are  given  in 
monolayer  units. 

EDCs  at  hv«130  eV,  Cooper  Minimum  for  the  Ag-4d  valence 
electrons,  compared  with  the  cleaved  Si (111)  valence  band 
EDC  at  the  same  h  (dashed) 

EDCs  at  hv-30  eV  and  hv*21  eV  for  Si (111)  *  0.5  ml  Ag  as 
prepared  at  LNT  and  annealed  at  RT.  The  clean  substrate 
[Si (111)]  valence  bands  at  the  two  energies  are  given  for 
reference  (dashed  curves). 

Si  2p  intensity  profile  (solid  line)  versus  increasing  Ag 
coverage  (monolayer  units,  and  Ag  3d  reduced  intensity  (RI) 
versus  reduced  coverage  (Rtf*  tf/0.25  ML)  for  the  submonolayer 
interval  (solid  line). 

The  dash-dotted  line  is  the  result  expected  In  absence  of 
silver-silicon  intermixing  at  the  Interface. 
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ABSTRACT 

The  room  temperature  adsorption  of  oxygen  on  ia  situ  prepared  As  films 
has  been  investigated  uith  photoemission.  Direct  formation  of  a  disor¬ 
dered  AsjOj  layer  is  confirmed  by  comparison  of  the  photoemission  spec¬ 
tra  of  the  oxidized  As  film  to  those  of  gas  phase  As*0(  and  crystalline 
AS2O3.  Discussion  of  the  role  of  s-p  Hybridization  in  determining  the 
electronic  structure  of  As*03  is  offered  based  on  the  measured  photoem¬ 
ission  spectra. 
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Tuo  arsenic  chal cogenides,  As2S3  and  AszSe3>  are  knoun  to  form  stable 
semiconducting  glasses  of  considerable  technological  importance  as 
infrared  transmitting  uindou  materials  and  as  visible-sensitive  large 
area  photoconductors.  Because  of  this*  the  optical  properties  and 
transport  properties  of  these  glasses*  including  their  crystalline 
counterparts*  have  been  uell  studied! 11;  efforts  to  describe  the  under¬ 
lying  electronic  structure  with  theoretical  calculations  and  photoelec¬ 
tron  spectroscopic  measurements  of  the  density  of  valence  states  (DOVS) 
have  also  emerged  (2-71.  Similar  studies  have  also  been  extended  to 
include  AS2O3  [5-71.  There  are  also  a  feu  other  reasons  to  study  Asz03. 
AS2O3  forms  layer-lattice  compound  (claudetite)  similar  to  AszS3  and 
As2Se3.  Houever,  the  intralayer  bonding  in  As2S3  and  As2Se3  is  highly 
covalent,  uhereas  that  in  Asz03  is  more  ionic.  Another  property  which 
makes  arsenic  oxide  unique  among  arsenic  chal cogenides  is  that  a  molecu¬ 
lar  compound  can  be  formed  uith  the  composition  Asz03  (arsenol i te) , 
uhereas  molecular  compounds  uith  S  or  Se  are  formed  only  uith  As  rich 
compositions  (As«S3*  As«S«  etc.).  Measurements  of  the  DOVS  of  AS2O3  are 
also  of  interest  for  the  extensively  investigated  problem  of  oxygen 
adsorption  on  GaAs  surfaces  (SI. 

Previous  photoemission  measurements  of  DOVS  of  Asz03  have  been  per¬ 
formed  on  vacuum  deposited  Asz03  films  (5-7).  Me  report  here  results 
obtained  from  exposing  clean  As  films*  prepared  in  ultra  high  vacuum,  to 
a  controlled  amount  of  oxygen. 


The  As  film  uas  obtained  by  flashing  As  from  a  GaAs  crystal  onto  an 
in  situ  cleaved  Si(lll)  surface  in  an  ultra-high-vacuum  preparation 
chamber  connected  to  the  measurement  chamber.  The  GaAs  crystal  uas  con¬ 
tained  in  a  quartz  crucible  held  by  the  heater  filament.  The  crucible 
and  the  heater  were  surrounded  by  a  - 4  inch  long  stainless  steel  colli¬ 
mating  shield.  The  ratio  of  As  flux  to  Ga  flur  at  the  exit  of  the  shield 
uas  maximumized  by  not  having  the  crucible  in  line  uith  the  direction  of 
the  collimating  shield.  The  GaAs  crystal  uas  uell  outgased  before 
deposition,  and  mass  spectral  analyses  uere  carried  out  to  determine  the 
heater  current  that  delivers  a  negligible  amount  of  Ga.  The  Si-2p  emis¬ 
sion  from  the  Si  substrate  uas  measured  both  before  and  after  As  depos¬ 
ition  by  a  ttg-Ka  x-ray  source  mounted  in  the  measurement  chamber.  This 
emission  uas  completely  attenuated  after  deposition,  hence  the  thickness 
of  the  As  film  should  be  at  least  100  A.  No  oxygen  contamination  uas 
found  by  checking  the  0-1s  signal.  Some  Ga  incorporation  ,  houever,  had 
occurred.  The  Ga-3d  signal  uas  detectable  only  in  the  spectrum  taken 
uith  a  photon  energy  of  30  eV  (fig.  1  belou);  in  the  Mg-Ka  spectrum,  the 
Ga-3d  intensity  uas  belou  the  noise  level.  Assuming  approximately  equal 
photoionization  cross  section  for  the  As  valence  band  and  the  GaAs 
valence  band,  the  amount  of  Ga  uas  estimated  to  be  ai  most  W,  of  a  mono- 
layer. 

Oxygen  exposures  uere  made  in  the  measurement  chamber  (base  pressure 
-7x10* 1 1  torr)  by  leaking  research  grade  oxygen  through  a  bakabte  leak 
valve.  Oxygen  pressure  uas  monitored  by  a  cold  cathode  gauge.  A  hot 
filament  ion  gauge  operating  at  0.4  mA  emission  current  uas  also  present 
during  one  exposure  in  order  to  speed  up  the  oxygen  uptake. 


Photoelectrons  were  energy  analyzed  with  a  double  pass  cylindrical 
mirror  analyzer  (CHA)  operated  in  the  pre-retarding  mode.  Light  sources 
used  were  synchrotron  radiation  from  the  8°  line  of  the  Stanford  Syn¬ 
chrotron  Radiation  Laboratory  (SSRL).  The  combined  monochromator-ana¬ 
lyzer  resolution  was  0.25  eV  for  21  eV  spectra  and  0.3  eV  for  30  eV 
spectra. 

RESULTS  Mil  DISCUSSION 

Cl  ean  As 

Before  discussing  the  DOVS  of  oxidized  As,  we  briefly  examine  the 
spectra  of  clean  As.  In  fig.  1  we  show  the  valence  spectra  taken  with 
21  eV  and  30  eV  photons.  The  leading  edge  of  the  DOVS  of  As  starts  to 
fall  at  -2  eV  below  the  Fermi  level  and  gradually  reaches  zero  intensity 
at  -0.3  eV  below  the  Fermi  level.  (The  Fermi  level  is  taken  as  the 
energy  zero  in  al 1.  photoemission  spectra  below.)  The  absence  of  density 
of  states  near  the  Fermi  level  is  in  contrast  to  the  spectrum  of  the 
substrate  Si  (the  second  from  top  curve*  fig.  1),  upon  which  the  As  was 
deposited,  and  the  Fermi  edge  of  the  spectrum  of  an  in  situ  evaporated 
Ag  film  (the  top  curve,  fig.  1).  The  peaked  feature  superposed  on  the 
leading  edge  of  the  Si  spectrum,  indicated  by  an  arrow  in  fig.  1.  is  due 
to  the  now  well  known  surface  states  of  the  Si(111)2x1  surface  191.  The 
comparison  to  the  spectrum  of  the  Ag  film  suggests  that  the  As  film  is 
In  a  semiconducting  state  rather  than  a  semimetal  state  expected  for 
crystalline  As.  Me  take  this  as  experimental  evidence  that  the  As  films 

(The  constrast  provided  by  the  surface 
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studied  here  are  amorphous. 


states  of  Si  also  clearly  suggests  that  no  'extra'  states  near  or  above 
the  VBM  have  to  be  considered  for  amorphous  As.  The  conditions  for  pre¬ 
paring  this  film  are  similar  to  those  used  by  Ley  et.  al .  1101  to  pre¬ 
pare  amorphous  As.) 

Other  features  in  the  DOVS  of  As  are  the  tuo  peaks  in  the  0-6  eV 
binding  energy  region*  which  are  primarily  bonding  p  electrons  in  char¬ 
acter.  Features  expected  for  the  s  electrons  of  As  are  barely  seen 
above  the  secondary  electron  background  of  the  30  eV  spectrum.  In  the 
upper  tuo  curves  of  fig.  2  we  have  indicated  in  the  21  eV  and  the  30  eV 
spectrum  smooth,  featureless  (except  a  slowly  rising  step  immediately 
passing  the  large  peaks  of  primary  photoelectrons)  backgrounds.  The 
spectra  after  subtracting  the  smooth  backgrounds  can  be  compared  to  the 
XPS  spectra  of  crystalline  and  amorphous  As  (see  inset)  obtained  by 
Bishop  and  Shevchik  121.  Good  agreement  can  be  found  in  the  p-band:  the 
first  peak  in  the  p-band  is  located  at  2.320.2  eV  below  the  Fermi  level, 
and  the  splitting  in  the  p-band  is  2.210.2  eV.  The  s-1 ike-band  cannot 
be  clearly  seen  in  the  21  eV  spectrum,  because  part  of  the  band  is  close 
to  the  work  function  cutoff.  The  30  eV  spectrum  fully  covers  these 
bands;  however,  the  intensity  of  the  s-1 ike-band  is  drastically  sup¬ 
pressed  compared  to  that  in  the  XPS  spectra,  due  to  a  matrix  element 
effect.  The  major  change  in  going  from  crystalline  to  amorphous  As  in 
the  XPS  spectra,  as  shown  in  the  inset,  is  the  flattening  of  the  split 
s-band.  Owing  to  the  low  intensity  of  the  s-band  in  the  30  eV  spectrum, 
no  clear  assessment  of  the  splitting  can  be  made.  Nevertheless,  we  have 
indicated  above  the  region  of  the  s-band  in  the  30  eV  spectrum  the  3.5 
eV  splitting  deduced  from  the  XPS  spectrum  of  crystalline  As.  It 


appears  that  tuo  features  uith  the  right  splitting  are  discernable.  It 
can  therefore  at  least  be  said  that  the  case  of  replacement  of  the  doub¬ 
let  uith  a  single  peak  in  amorphous  As*  as  stated  by  Ley  et.  al.  [101, 
is  not  observed  here. 

Oxidized  Aa 

An  overview  of  the  OOVS  of  As  subjected  to  tuo  oxygen  exposures, 
taken  uih  30  eV  synchrotron  radiation,  is  shown  in  fig.  3.  The  changes 
in  the  As-3d  level,  measured  uith  a  Mg-Ka  source,  uith  oxygen  exposures 
are  also  shoun  in  the  inset  of  fig.  3.  There  is  no  measurable  oxygen 
uptake  after  exposing  to  10s  l  molecular  oxygen  (i.e.,  an  exposure  made 
without  the  presence  of  a  hot  filament  ion  gauge  or  any  other  source  of 
excitation  of  the  oxygen  molecules),  as  evidenced  by  the  lack  of  change 
in  either  the  valence  band  or  the  As- 3d  level.  Further  exposure  to  107 
L  oxygen  uith  the  presence  of  a  hot  filament  ion  gauge  (emission  cur¬ 
rents. 4  mA)  produced  a  3.4i0.2  eV  chemical  shift  in  the  As-3d  level  and 
drastic  changes  in  the  valence  band  region  characteristic  of  oxidized 
surfaces.  Assuming  an  esoape  depth  of  -30  A  for  photoelectrons  excited 
from  the  As-3d  level,  the  strength  of  the  shifted  peak  indicates  an 
oxide  coverage  of  only  -0.8  monolayer.  The  valence  band  spectra,  uhich 
are  more  surface  sensitive,  houever,  are  dominated  by  oxygen  induced 
features. 

The  3.4  eV  shift  in  the  As-3d  level  is  close  to  the  usually  quoted 
binding  energy  difference  between  elemental  As  and  AsgO),  although  ambi¬ 
guity  still  exists  in  the  literature  on  hou  such  a  value  should  be 
obtained.  Ue  mention  only  the  result  of  Holm  and  Storp  [11],  uho  have 


-  6  - 


measured  the  As  level  due  to  elemental  As  and  that  due  to  AsjOo 
simultaneously  on  one  sample,  and  found  the  separation  betueen  the  tuo 
levels  to  be  3.5  eV.  The  agreement  uith  the  present  result  is  satisfac¬ 
tory. 

A  more  definite  signature  of  the  formation  of  AsjOa  is  found  in  the 
OOVS.  In  the  center  panels  of  fig.  4.  ue  present  the  21  eV  and  the  30 
eV  spectra  of  oxidized  As.  uith  smooth  backgrounds  of  secondary  elec¬ 
trons  removed.  The  features  in  the  region  of  1  eV  to  4  eV  BE  in  the  21 
eV  and  the  30  eV  spectra  are  due  to  p-band  electrons  of  the  underlying 
As.  The  dashed  extrapolation  of  the  leading  edge  of  the  oxygen  nonbond¬ 
ing  peak  (labeled  N  in  fig.  4)  provides  an  approximate  representation  of 
the  spectra  uith  substrate  emission  removed.  In  the  louer  panel  of  fig. 
4,  ue  have  reproduced  the  He-I  spectrum  of  gas  phase  As«0«  obtained  by 
Cannington  and  Uhitfield  [121.  The  Asi.0*  molecules  uere  produced  by  vac¬ 
uum  sublimation  of  powdered  AsjO)  at  190°C.  A  comparison  of  the  louer 
panel  and  the  second  louer  panel  suggests  that  the  spectrum  of  the  oxi¬ 
dized  As  fits  as  an  envelope  over  the  fine  structures  of  the  spectrum  of 
gas  phase  As*0«.  or  that  homogeneous  broadening  of  all  fine  structures 
in  the  spectrum  of  gas  phase  As*0t  leads  to  the  spectrum  of  oxidized  As. 
Part  of  the  broadening  is  instrumental.  The  energy  resolution  in  the  gas 
phase  spectrum  is  not  constant  through  the  spectrum  and  ranges  from  30 
meV  to  60  meV.  whereas  the  energy  resolution  used  in  this  work  is  con¬ 
stant  through  the  uhole  spectrum  end  is  250  meV  for  the  21  eV  spectrum 
and  300  meV  for  the  30  eV  spectrum.  Much  of  the  broadening  has  to  come 
from  solid  state  ef foots.'  If  there  is  a  true  correspondence  betueen  the 
solid  spectrum  and  the  gas  phase  spectrum,  because  there  are  features  in 


the  gas  phase  spectrum  separated  by  more  than  1  eV  and  yet  are  not 
resolved  in  the  spectrum  of  oxidized  As.  This  point  uill  later  be  fur¬ 
ther  elucidated  by  comparing  with  spectra  of  crystalline  Asz03  films. 

The  correspondence  between  the  gas  phase  spectrum  and  the  spectrum  of 
oxidized  As  obtained  in  this  work  was  put  on  an  absolute  energy  scale  by 
aligninng  the  most  prominent  non-bonding  oxygen  peak  in  the  gas  phase 
spectrum  uith  the  peak  at  5.4  eV  binding  energy  (referenced  to  the  Fermi 
level)  in  the  spectrum  of  oxidized  As.  The  ionization  energy  of  that 
peak  is  11.52  eV  (table  1  of  reference  12).  The  uork  function  of  As  is 
about  5.1  eV  113].  Hence  peak  N  in  the  spectrum  of  oxidized  As  has  a 
binding  energy  of  10.5  eV  referenced  to  the  vacuum  level.  This  binding 
energy  is  -1  eV  lower  than  the  ionization  energy  of  the  corresponding 
peak  in  the  gas  phase  spectrum,  which  can  be  easily  accounted  for  by  the 
additional  extra-atomic  relaxation  energy  in  solids. 

The  structural  order  of  the  oxide  layer  can  be  examined  by  comparison 
uith  the  spectra  of  crystalline  Asz03.  The  He-1  (hv=21.2  eV),  He-II 
(hv=40.8  eV),  and  Al-Ko  (hv=14S6  eV)  spectra  of  crystalline  As203 
obtained  by  Mimmer  et  al .  15-7]  are  reproduced  in  the  top  panel  of  fig. 
4.  In  the  uork  of  Uimmer  et.  al.,  the  Asz03  film  was  prepared  by  high 
vacuum  (10**  torr)  in  situ  evaporation  of  powdered  As*03  onto  a  stain¬ 
less  steel  substrate,  and  the  film  was  checked  by  RHEEO  to  be  crystal¬ 
line.  There  are  more  features  in  the  crystalline  spectra  than  in  the 
spectra  of  oxidized  As;  they  are  labeled  I,  II,  III,  and  IV  from  low 
binding  energy  to  high  binding  energy.  There  is  also  a  strong  photon 
energy  dependence  of  the  relative  Intensities  in  the  features  as 
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expected  for  a  crystalline  material.  The  binding  energies  given  by  Uim- 
mer  et.  al.  were  referred  to  the  VBM  of  the  AsjOj  film.  Here  ue  have 
presented  these  spectra  uith  feature  II  lined  up  with  peak  N  in  the 
spectra  of  oxidized  As.  This  corresponds  to  a  VBM-Fermi  level  separa¬ 
tion  of  -*2.3  eV  in  the  case  of  oxidized  As.  This  separation  is  roughly 
confirmed  by  extrapolating  the  low  binding  edge  of  peak  N  in  the  spectra 
obtained  in  this  work.  After  such  alignment,  considerable  similarity 
can  be  seen  between  the  crystalline  spectra  and  the  monolayer-oxide 
spectra.  A  few  differences  in  details  are  explained  below.  The  promi¬ 
nent  feature  IV  in  the  He-II  and  the  At-Ka  spectrum  of  the  crystalline 
form  originate  mainly  from  the  4s  level  of  As.  This  feature  is  again 
suppressed  in  the  21  and  30  eV  spectra  of  the  monolayer-oxide  obtained 
here  because  of  a  matrix  element  effect.  Another  difference  between  the 
spectra  of  the  crystalline  form  and  the  monolayer-oxide,  houever.  can  be 
explained  only  in  terms  of  differences  in  structural  orders.  In  the 
7-11  eV  binding  energy  region,  the  crystalline  spectra  show  two  resolved 
features.  II  and  III,  in  good  correspondence  to  the  gas  phase  spectrum, 
whereas  the  monolayer-oxide  spectra  show  only  one  broad  feature  (band 
B).  This  difference  cannot  be  explained  by  the  different  energy  resolu¬ 
tions  used,  because  the  energy  resolution  used  to  obtain  the  Al-Ka  spec¬ 
trum  was  far  poorer  (21.2  eV  15])  than  the  resolutions  used  in  this 
work.  The  splitting  in  the  7-11  eV  binding  energy  region  in  the  gas 
phase  spectrum  and  the  crystalline  spectra  arises  from  As-0  bonding 
orbitals  uith  opposite  symmetries  uith  respect  to  the  plane  bisecting 
the  As-O-As  angle  (i.e.,  the  splitting  between  the  e  and  the  ir  component 
of  the  As-O-As  bonding).  A  random  variation  and/or  a  distortion  of  the 


As-O-As  angles  tend  to  flatten  out  the  splitting.  The  lack  of  the 
splitting  in  our  data  (center  panels  of  fig.  4)  suggests  that  room  temp¬ 
erature  adsorption  of  oxygen  on  As  results  in  a  disordered  oxide  layer. 

It  is  not  clear  if  the  structural  arrangement  of  the  disordered  mono- 
layer  oxide  is  similar  to  that  of  vitreous  AS2O3.  There  is  little 
direct  structural  information  available  for  vitreous  As203.  Lucovsky 
and  Galeener  114],  through  detailed  interpretation  of  both  Raman  spectra 
and  ir  reflectance,  have  proposed  that  v-AsjOj  contains  local  regions 
characterized  by  either  a  layer-like  local  order  or  an  As^Ot-like  local 
order.  Since  the  standard  free  energies  of  reaction  for  forming  arsenol- 
ite  (AG=-137.6  Kcal/mole)  and  claudetite  C AG  =— 135.9  Kcal/mole)  at  room 
temperature  are  close,  the  picture  described  by  Lucovsky  and  Galeener 
114]  is  likely  to  be  also  applicable  to  the  monolayer  oxide  resulting 
from  room  temperature  oxidation  of  As.  If  this  is  indeed  the  case,  the 
similarities  observed  betueen  all  spectra  in  fig.  4  .  then  suggest  that 
the  influence  of  the  difference  betueen  layer-like  and  As^tH-like  order 
on  electronic  structures  is  not  important.  The  essential  feature  of  the 
electronic  structure  of  AszOg  consists  of  a  non-bonding  band  and  a  bond¬ 
ing  band,  uhose  centers  of  gravity- are  separated  by  -3.3  eV.  This 
essential  feature  is  largely  determined  by  the  AsOa/*  pyramids,  uhich 
are  the  building  units  in  either  layer-like  or  As«0«  structural  arrange¬ 
ment. 

Another  point  of  Interest  in  studying  the  electronic  structure  of 
AjBa  compounds  is  uhether  the  non-bonding  band  is  purely  B-atom  derived 
(1,3).  Por  powdered  crystalline  arsenolite,  Mimmer  et.  al .  (5-7]  have 
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shoun  by  soft  x-ray  emission  spectra  that  the  As  lone  pair  makes  a  sig¬ 
nificant  contribution  to  the  non-bonding  band.  The  question  can  be 
asked  if  in  different  long  range  structural  arrangements  (i.e..  differ¬ 
ent  uays  of  connecting  ASO3/2  pyramids)  the  relative  contribution  from 
As  and  0  lone  pairs  to  the  non-bonding  band  uould  change.  Tuo  extreme 
pictures  can  be  considered:  In  one  As  participates  in  bonding  uith  three 
oxygen  atoms  in  p3  configuration  so  that  all  p-like  electrons  from  As 
are  in  the  bonding  band  and  the  lone  pair  on  As  has  an  s2  configuration 
(31.  In  the  other.  As  assumes  sp3  bonding  configuration,  and  the  bond¬ 
ing  to  three  oxygen  leaves  one  sp3  lone  pair  [11.  The  tuc  pictures  pre¬ 
dict  different  non-bonding  to  bonding  p-electrons  ratio.  Such  ratio  of 
p-el ectrons  should  be  rather  uniquely  reflected  in  our  spectra  of  the 
monolayer  As^Os.  because  s-electrons  are  preferentially  suppressed  due 
to  a  weak  matrix  element  for  the  photoionization  transition.  The  former 
picture  predicts  a  non-bonding  to  bonding  p-electron  ratio  of  3:6.  uhile 
the  latter  predicts  4. 5:4. 5.  It  is  difficult  to  obtain  quantitative 
assessment  of  the  ratio  of  the  strengths  of  the  bonding  and  nonbonding 
bands  from  the  measured  spectra,  because  the  bonding  band  may  be  broad 
enough  to  have  substantial  overlap  uith  the  nonbonding  band  and  the 
matrix  elements  for  the  nonbonding  and  the  bonding  orbitals  may  be  dif¬ 
ferent.  Nevertheless,  the  spectra  of  the  oxidized  As  shoun  in  the  cen¬ 
ter  tuo  panels  of  fig.  4  are  suggestive  of  a  nonbonding  to  bonding  band 
intensity  ratio  closer  to  1:1  than  1:2..  i.e..  our  results  suggest  that 
s-p  hybridization  to  some  extent  is  important  even  for  a  disordered 
layer  of  AsjO).  This  result  should  be  contrasted  to  the  case  of  amorp¬ 
hous  AsjSa.  where  soft  x-ray  emission  experiments  (5-7)  do  not  shou  sig- 
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nificant  contribution  from  the  s  lone  pair  to  the  non-bonding  band. 


This  difference  can  be  explained  by  the  higher  ionicity  of  the  As-0 
bond:  The  repulsion  between  the  ionic  charges  on  oxygen  atoms  prevents 
the  O-As-O  angle  in  any  As03/2  pyramid  from  closing  to  90°.  and  hence 
prohibits  the  p3  configuration. 

SUMMARY 

In  summary*  ue  have  shown  that  room  temperature  adsorption  of  oxygen 
on  amorphous  As  results  in  direct  oxide  formation.  The  electronic 
structure  of  oxidized  As  has  been  shoun  to  be  similar  to  either  that  of 
isolated  As«0«  roolet.  <les*  or  that  of  crystalline  As;03.  The  photoemis¬ 
sion  spectra  of  the  oxidized  As  film  also  suggest  that  Asz03  formed  in 
such  a  way  is  noncrystal  1 ine.  The  essential  features  of  the  electronic 
structure  of  the  AS2O3  formed  are  a  non-bonding  band  and  a  bonding  band 
separated  by  -3.3  eV.  The  contribution  of  As  lone  pairs  to  the  non¬ 
bonding  band  was  found  to  be  important  in  the  case  of  disordered  mono- 
layer  AS203. 
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FIGURE  CAPTIONS 


Figure  t:  Photoemission  spectra  of  clean  As  taken  at  hv=30  eV  (the  bot¬ 
tom  curve)  and  hv=21  eV  (the  curve  second  from  the  bottom).  The  spec¬ 
trum  of  the  Si  substrate  taken  at  hv=21  eV  prior  to  the  deposition  of  As 
is  also  shoun  for  comparison  (the  second  curve  from  the  top);  ue  notice 
particularly  the  feature  indicated  by  an  arrow  uhich  is  attributed  to 
the  surface  states  of  Si (111).  The  top  curve  is  the  Fermi  edge  in  the 
spectrum  of  a  Ag  film  evaporated  in  situ. 

Figure  2:  Photoemission  spectra  of  clean  As  uith  the  backgrounds  due  to 
the  secondary  electrons  being  removed  (the  bottom  curves).  Uhen  com¬ 
pared  to  the  XPS  (Al-Ka,  hv=1486  eV)  spectra  (the  inset)  of  Bishop  and 
Shevchik  [21,  the  s-band  in  the  30  eV  and  the  21  eV  spectra  appear  to  be 
drastically  suppressed. 

Figure  3:  Photoemission  spectra  of  clean  and  oxygen-exposed  As  taken  at 
hv=30  eV.  The  1 0 7 L  exposure  uas  made  uith  excited  oxygen  (see  text). 
The  inset  gives  the  As-3d  levels  of  clean  and  oxygen-exposed  As, 
obtained  uith  Mg-Ka  excitation. 

Figure  4:  Comparison  of  spectra  of  oxidized  As  film  (the  center  tuo  pan¬ 
els)  to  the  He-I  spectrum  of  gas  phase  As*0«  (the  bottom  panel)  and  the 
spectra  of  crystalline  AsiOo  (the  top  panel)  obtained  with  He-I,  Hall 
and  Al-Ko  excitations  [5-7J. 
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ABSTRACT 

The  oxidation  of  in  situ  prepared  Ga  films  at  room  temperature  has  been 
studied  with  photoemission.  Direct  formation  of  Gaz03  has  been  observed. 
An  interpretation  of  the  valence  band  spectrum  of  Gaz03  in  terms  of  the 
electronic  structure  of  Gaz03  is  offered.  Correspondence  betueen  a 
donor-like  bonding  band*  due  to  the  interaction  betueen  a  doubly  occu¬ 
pied  oxygen  lone  pair  and  an  empty  Ga  orbital*  an  oxygen  nonbonding 
band*  and  a  Ga-O-Ga  bonding  band  and  three  features  in  the  valence  band 
spectrum  of  oxidized  Ga  has  been  found.  Interpretation  of  the  photoem¬ 
ission  spectrum  of  the  recently  reported  chemisorbed-oxygen  on  Ga  metal 
at  70°K  Is  suggested  based  on  the  understanding  of  the  spectrum  of 
Gaz03.  The  possible  existence  of  an  intermediate  oxidation  state  formed 
by  the  room  temperature  oxidation  of  Ga  films  is  also  discussed  based  on 
the  presence  of  intermediate  chemical  shifts  (AE12.0  eV)  in  the  Ga-3d 
level. 


•Hork  supported  by  DARPA  and  monitored  by  ONR  under  Contract  Ho. 
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Laboratory  which  is  supported  by  NSF  under  Grant  No.  0MR77-27489  in 
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The  nature  of  the  chemisorbed  oxygen  produced  by  room  temperature 
adsorption  of  oxygen  on  A1  surfaces  has  been  the  subject  of  a  large  num¬ 
ber  of  studies  H].  It  is  therefore  also  interesting  to  study  the 
interaction  of  oxygen  with  Ca,  which  has  an  electronic  structure  similar 
to  that  of  A1 .  Recently,  Schmeisser  et.  al.  [2]  have  observed  a  chemi- 
sorption  phase  of  oxygen  on  Ga  metal  at  -70CK;  interpretation  of  the 
0-2p  related  features  in  the  photoemission  spectrum  of  this  chemisorbed 
oxygen  on  Ga,  however,  has  been  lacking.  In  this  paper  we  present  the 
experimental  spectrum  of  Ga2(>3  obtained  from  room  temperature  oxidized 
Ga,  and  give  a  detailed  interpretation  of  the  photoemission  spectrum. 
Detailed  understanding  of  the  electronic  structure  of  Ga203  can  provide 
a  useful  reference  for  understanding  the  photoemission  spectrum  of  chem¬ 
isorbed  oxygen  on  Ga:  we  will  indeed  see  an  interesting  suggestion, 
based  on  the  understanding  of  the  electronic  structure  of  Ga203,  made 
about  the  nature  of  the  chemisorbed  oxygen  observed  by  Schmeisser  et. 
al.  (2)  and  the  present  authors  on  sputter-disordered,  Ga-rich  surfaces 
[31.  Measurements  and  interpretation  of  the  density  of  valence  states 
of  GajOa  is  also  of  interest  for  the  heavily  investigated  problem  of 
oxygen  adsorption  on  GaAs  surfaces  [3,41. 

EXPERIMENTAL 

Experiments  were  performed  in  a  stainless  steel  ultra  high  vacuum 
chamber  with  base  pressure  -10'10  torr.  Ga  metal  was  deposited  on  an  in 
si tu  cleaved  GaAs(IIO)  surface.  The  thickness  of  the  Ga  film  was  about 
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100  A,  as  determined  by  a  quarts  crystal  thickness  monitor.  Oxygen  expo¬ 
sures  were  made  by  leaking  in  research  grade  oxygen  through  a  bakable 
leak  valve.  Oxygen  pressure  uas  monitored  by  a  Redhead  cold  cathode 
gauge  and  a  Varian  $60  cold  cathode  gauge.  The  light  source  used  uas 
synchrotron  radiation  from  the  6°  line  of  the  Stanford  Synchrotron  Radi¬ 
ation  Laboratory  (SSRL).  Photoelectrons  were  energy  analyzed  with  a 
double  pass  cylindrical  mirrror  analyzer.  The  combined  monochromator- 
analyzer  resolution  for  30  eV  photon  energy  is  0.3  eV. 

RESULTS  MU  discussion 

Fig.  1  gives  an  overvieu  of  the  spectra,  displayed  vertically  uith 
oxygen  exposures  indicated  uith  each  spectrum.  The  spectrum  of  clean  Ga 
shous  a  featureless  valence  band  and  spin-orbit  split  Ga-3d  levels. 
Uith  100  L  oxygen  exposure,  only  a  ueak  oxygen  induced  feature  is  seen 
in  the  valence  band  region  and  little  change  occurred  to  the  Ga-3d  lev¬ 
els.  Uith  10'  L  exposure,  a  chemically  shifted  Ga-3d  appeared  and 
strong  oxygen  induced  features  appeared  in  the  valence  band  region.  The 
adsorption  of  oxygen  appears  to  have  saturated  at  10'  L  exposure, 
because  no  significant  change  is  seen  in  the  spectra  of  higher  exposures 
(10*  L  and  10*  L). 

Details  of  the  density  of  valence  states  (DOVS)  of  oxidized  Ga  are 
shoun  in  fig.  2.  The  upper  curve  is  a  blow-up  of  the  valence  band 
region  of  the  2x10*  L  spectrum  of  fig.  1,  uith  the  smooth,  featureless 
secondary  electron  background  indicated.  The  louer  curve  shous  the  DOVS 
sfter  removing  the  background.  There  are  three  features  in  the  DOVS  st 
5.6,  7.7,  snd  10.5  eV  below  the  Fermi  level  (which  is  the  energy  zero  to 
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be  used  throughout  this  work),  in  good  agreement  with  the  results 
obtained  by  Bachrach  at  130  eV  photon  energy  151.  These  fetures  are 
labeled  I,  II  and  III  in  fig.  2  in  the  order  of  increasing  binding 
energy. 

Since  the  melting  point  of  Ga  is  near  room  temperature  ue  expect  no 
long  range  order  and  relatively  high  mobility  of  the  Ga  atoms.  It  is 
thus  not  supprising  to  find  the  direct  formation  of  GazOj  by  exposing  Ga 
to  oxygen  at  room  temperature.  As  ue  will  see  below,  this  is  supported 
by  the  fact  that  the  three  features  in  the  DOVS  of  oxidized  Ga  can  be 
understood  by  following  the  tight  binding  analysis  of  the  electronic 
structure  of  AI2O3  by  Reilly  (61.  The  a-form  (corundum)  crystalline 
A1 2O3  and  GajOs  are  isomorphic.  .In  such  a  structure  [7]  each  Ga  atom  is 
at  the  center  of  a  distorted  octahedron  of  oxygen  atoms,  with  three  oxy¬ 
gen  closer  to  the  Ga  atom  than  the  other  three.  Each  Ga  atom  is  thus 
expected  to  bond  strongly  with  three  0's  and  ueakly  with  three  other. 
Each  oxygen  atom  is  surrounded  by  four  Ga's,  bonding  strongly  to  two  and 
interacting  ueakly  with  the  other  two.  The  three  oxygen  atoms  that  are 
strongly  bonded  to  a  center  Ga  can  be  considered  approximately  at  three 
corners  of  a  tetrahedron  enclosing  that  Ga.  Me  can  thus  form  sp3 
hybrids  on  each  Ga,  with  three  hybrids  participating  in  bonding  to  three 
O's  and  one  hybrid  left  empty.  For  an  oxygen  atom  in  a  Ga-O-Ga  bridge¬ 
bonding  position,  only  two  of  the  three  p-orbitals  participate  in  Ga-0 
bonding;  the  third  p-orbital  which  is  perpendicular  to  the  plane  con¬ 
taining  the  Ga-O-Ga  angle  remains  non-bonding  and  forms  a  doubly-occu¬ 
pied  lone  pair.  The  oxygen  lone  pairs  interacts  with  the  empty  sp3 
orbits!  on  a  nearby  Gs  atom  and  lowers  its  energy. 
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Because  the  oxygen 


lone  pair  and  the  Ga  empty  orbital  point  to  each  other  at  an  angle,  the 

interaction  is  expected  to  be  ueak.  In  addition,  not  all  oxygen  lone 

pairs  can  find  available  Ga  empty  orbitals;  only  tuo  of  the  three  oxygen 

atoms  in  the  GajOj  unit  can  have  such  interaction,  an  oxygen  lone  pair 

remains  intact  on  the  third  oxygen  atom.  Origins  of  the  three  features 

in  the  OOVS  can  nou  be  assigned:  feature  I,  the  one  uith  the  louest 

binding  energy,  is  due  to  non-bonding  oxygen  lone  pairs,  feature  II  is 

% 

due  to  the  weak,  donor-like  interaction  between  the  oxygen  lone  pair  and 
the  empty  Ga  orbital,  and  feature  III  is  due  to  bonding  electrons  in  the 
Ga-O-Ga  bonding  unit. 

There  is  one  aspect  of  the  OOVS  in  discordance  uith  the  above  simpli¬ 
fied  picture.  In  that  picture,  the  ratio  of  non-bonding :ueak- 
bonding : bonding  electrons  is  expected  to  be  1:2:6.  Such  a  ratio  is  cer¬ 
tainly  not  indicated  by  the  OOVS  in  fig.  2.  Part  of  this  deviation  can 
be  explained  by  the  matrix  elements  of  the  photoionization  process. 
Band  I  is  purely  p  in  character,  uhereas  band  II  and  III  have  considera¬ 
ble  s  character,  it  is  thus  possible  to  have  band  I  preferentially 
enhanced  at  this  relatively  lou  photon  energy  (hv=32  eV).  Another  pos¬ 
sible  explanation  is  the  deviation  from  the  corundum  structure.  In  the 
B-form  of  the  gallium  sesquioxide  {82,  Ga  atoms  occupy  tuo  sets  of  crys¬ 
tallographic  nonequivalent  sites:  half  of  the  Ga  atoms  occupy  oeatahe- 

dral  sites  and  the  other  half  occupies  tetrahedral  sites.  Thus  the 
average  coordination  of  Ga  atoms  in  B-GajO)  are  reduced  compared  to 
a-GaaOa.  This  tends  to  reduce  the  interactions  between  oxygen  lone  pair 
and  empty  Ga  orbitals.  In  fact,  detailed  structural  studies  of  B-Ga*0j 
have  shoun  three  nonequivalent  oxygen  atoms  in  the  GatOj  unit,  and  care- 
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f u 1  examination  of  the  different  Ga-0  bond  lengths  has  ted  to  the 
conclusion  that  only  one  of  the  three  0's  has  a  bond  order  greater  than 
two  (8].  Namely,  only  one  of  the  three  oxygen  lone  pairs  interacts  with 
empty  Ga  orbitals  and  louers  its  energy-  This  brings  the  ratio  of  non¬ 
bonding,  ueak-bonding,  and  bonding  electrons  to  2:1:6.  This  ratio  is 
closer  to  that  which  can  be  deduced  from  the  experimental  DOVS  in  fig.  2 
than  the  1:2:6  ratio  (although  we  recognize  the  difficulty  of  extracting 
such  number  from  the  experimental  DOVS  due  to  substantial  overlap 
between  bands  and  different  matrix  elements  of  photoionization  for  dif¬ 
ferent  bands).  Thermodynamic  measurements  show  the  6-Gaz03  to  be  more 
stable  at  room  temperature  (81.  It  is  thus  likely  that  8-form-like 
structure  was  produced  by  the  room  temperature  oxidation  of  Ga.  It  is 
also  possible  that  ue  have  obtained  a  disordered  oxide  layer  which  con¬ 
tains  both  6-like  and  a-like  local  order.  The  broad  bonding  band  (band 
III)  in  the  experimental  DOVS  also  suggests  the  formation  of  either 
6-1  ike  or  a  disordered  layer:  This  is  because  the  bonding  band  should 
be  split  into  a  e-band  and  a  s-band  if  only  a  single  value  of  Ga-O-Ga 
angle  exists,  as  is  the  case  for  a-form  Gaz03;  there  are,  however,  three 
different  Ga-O-Ga  angles  in  the  8-form  Gaz03,  and  a  random  variation  of 
the  Ga-O-Ga  angla  may  occur  in  noncrystal  1 ine  Gaz03,  which  tend  to  smear 
the  splitting. 

In  the  inset  of  fig.  2,  we  show  the  experimental  DOVS  of  A1Z03  for 
comparison  191.  The  spectrum  was  obtained  by  Balzarotti  and  Bianconi 
191  using  Al-K«  radiation.  There  are  also  three  bands  in  the  DOVS.  The 
energy  positions  of  the  bands  agree  semiquantitatively  with  the  tight 
binding  calculation  of  Reilly  161.  This  gives  indirect  support  to  the 
assignments  of  the  origins  of  the  bands  in  the  DOVS  of  Gaz03. 
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Ue  also 


notice  the  foMouing  differences  between  the  spectra  of  Ga*03  and  A1203 
shown  in  fig.  2:  The  comparable  strength  of  the  donor-like  bonding  band 
and  the  non-bonding  band  in  the  XPS  spectrum  of  Al303,  instead  of  having 
the  nonbonding  band  stronger  than  the  donor-like  bonding  band,  is  caused 
by  the  higher  crossection  for  the  s-electrons  at  Al-Ka  radiation  than  at 
hv=32  eV.  The  larger  splitting  between  the  non-bonding  band  and  bonding 
bands  in  the  A1*03  DOVS  than  that  in  the  Ga*03  OOVS  merely  reflects  the 
fact  that  the  cohesive  energy  of  A1303  is  higher  than  that  of  Ga303. 

The  existence  of  a  weak  bonding  band  in  addition  to  a  non-bonding 
band  and  a  bonding  band  is  a  unique  feature  of  the  oxides  of  column  III 
metals.  This  is  a  direct  manifest  of  the  existence  of  oxygen  atoms  with 
bonding  order  greater  than  two.  It  is  possible  because 

1.  empty  orbitals  in  the  right  energy  range  are  available  on  metal 
atoms;  In  contrast,  in  oxides  of  column  V  elements  such  as  As203, 
this  does  not  happen  because  no  empty  orbitals  are  available  from 
As.  The  doubly  occupied  lone  pairs  on  As  in  fact  interact  repul¬ 
sively  with  oxygen  lone  pairs  in  As*03. 

2.  high  ionicity  of  the  metal-oxygen  bond;  Once  the  electronegativ¬ 
ity  of  oxygen  is  fulfilled  through  the  charge  transfer  in  metal- 
oxygen  bonds,  the  tendency  of  oxygen  lone  pairs  to  form  donor 
bonds  increases.  In  other  words,  the  splitting  between  the  non¬ 
bonding  band  and  the  weak-bonding  band  should  scale  with  the 
splitting  between  the  non-bonding  band  and  the  strong-bonding 
band.  For  example,  Al-0  bond  is  more  ionic  than  Ga-0  bond,  hence 
the  splitting  between  the  non-bonding  and  the  metal-O-metal  bond- 
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ing  band  is  bigger  in  AljOj  (-8.5  eV)  than  in  Ga203  (-4.9  eV). 
and  the  splitting  between  the  non-bonding  band  and  the  0-metal 
dative  bonding  is  also  in  the  same  order  (4.2  eV  in  Al203,  2.1  eV 
in  Cat03). 


Fig.  3  gives  details  of  the  6a- 3d  level.  The  upper  curve  is  a  blou-up 
of  the  Ga-3d  part  of  the  2x10*  l  spectrum  in  fig.  1,  with  the  smooth, 
featureless  secondary  background  indicated.  The  center  curve  shows  the 
spectrum  with  background  removed.  The  lower  curve  is  the  Ga-3d  spectrum 
of  the  clean  Ga-3d  film,  with  the  secondary  background  removed.  The 
Ga-3d  levels  of  clean  Ga-film  show  a  well-resolved  spin-orbit  splitting 
of  0.39±0.08  eV,  and  the  binding  energy  of  the  Ga-3ds/2  is  18.5±0.25  eV 
below  Fermi  level.  The  spin-orbit  splitting  is  lost  in  the  chemically 
shifted  Ga-3d  levels  of  the  oxidized  Ga.  The  separation  between  the 
apparent  peak  position  of  the  chemically  shifted  Ga-3d  and  the  center  of 
gravity  of  the  Ga-3d  of  the  clean  surface  is  2.0±0.2  eV,  in  good  agree¬ 
ment  with  the  result  of  Schon  1101.  A  more  careful  examination  of  the 
center  curve  of  fig.  3,  however,  suggests  the  presence  of  other  interme¬ 
diate  chemical  shifts.  These  smaller  shifts  probably  arise  from  incom¬ 
pletely  oxidized  Ga,  i.e.,  Ga  atoms  bond  to  less  than  three  oxygen 
atoms.  This  can  occur  when  the  oxidation  process  becomes  diffusion-! im- 
itted  and  a  deficiency  of  oxygen  atoms  for  oxidizing  subsurface  Ga  atoms 
sets  in.  A  question  immediately  arising  is  the  influence  of  these  oxy¬ 
gen-deficient  bonding  complexes  on  the  00VS  which  we  have  just  analyzed 
In  terms  of  complete  Ga303  order.  We  expect  oxygen  in  these  oxygen 
deficient  bonding  complexes  to  assume  the  same  bridge  bonding  configura- 
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tion,  GA-O-Ga, 


and  hence  t);e  approximately  same  non-bonding-bonding 
splitting.  The  ueak-bonding  or  the  O-Ga  dative  bonding  band,  however, 
is  expected  to  be  missing,  due  to  two  possible  reasons: 

1.  an  empty  Ga  orbital,  if  it  exists,  cannot  find  a  nearby  oxygen 
lone  pair  because  of  the  reduced  oxygen  coordination. 

2.  no  empty  Ga  orbitals  are  available  in  the  region  of  intermedi¬ 
ately  oxidized  Ga.  In  such  regions,  Ga  atoms  bonded  to  oxygen 
are  also  bonded  to  other  Ga  atoms.  Because  the  Ga-Ga  bond  is  not 
as  directional  as  the  Ga-0  bond,  the  hybridization  of  the  orbit¬ 
als  of  Ga  atoms  may  change  in  such  a  way  to  eliminate  any  empty 
Ga  orbital  with  the  favorable  energy  position  to  form  donor-like 
bond  with  the  oxygen  lone  pairs. 


Oxygen  adsorption  phases  with  the  donor-like  bonding  band  missing  in 
the  DOVS  have  indeed  been  observed  by  Schmeisser  et.  al .  12]  on  a  Ga 
metal  surface  at  low  temperature  (70°K),  and  by  the  present  authors  on 
disordered,  Ga  rich  GaAs  surfaces  at  room  temperature  131.  The  postu¬ 
late  of  Schmeisser  et.  al.  (2]  that  such  DOVS  is  due  to  chemisorbed  0* 
molecules  appears  to  be  entirely  unnecessary.  For  example,  in  their 
case,  the  low  mobility  of  Ga  atoms  at  low  temperature  prohibits  the  for¬ 
mation  of  GajOg,  and  oxygen  lone  pairs  in  the  surface  6a-0-Ga  bonding 
units  point  to  no  Ga  empty  orbitals  so  that  the  donor-like  bonding  band 
is  suppressed.  The  absence  of  any  multiplet  structure  reminisent  of  the 
0-0  bonding  in  the  photoemission  spectra  observed  by  Schmeisser  et.  al . 
12]  and  by  us  i 3 ]  also  argues  against  the  molecular-oxygen  assignment. 
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The  observation  that  the  70e<  state  oxygen  has  a  higher  uork  function 
than  the  room  temperature  oxygen  state  is  also  consistent  with  the  above 
interpretation  of  the  70»K  state  oxygen;  the  Ga-O-Ga  bonding  units  can 
be  formed  with  oxygen  retaining  a  position  above  the  surface,  whereas 
formation  of  Ga303  requires  the  0  atom  to  "network"  with  more  than  three 
Ga  atoms  which  can  happen  only  by  moving  oxygen  atoms  into  or  beneath 
the  surface;  since  oxygen  carries  net  negative  charge  in  forming  Ga-0 
bonding,  moving  0  atoms  from  outside  to  inside  of  the  solid  surface 
means  reduction  of  uork  function.  Me  again  see  no  need  to  invoke 
"molecular"  state  to  explain  the  change  in  uork  function.  Returning  now 
to  the  effect  of  these  oxygen-deficient  bonding  complexes  on  the  experi¬ 
mental  DOVS  of  fig.  2,  we  believe  that  the  major  effect  is  to  make  the 
donor-like  bonding  band  (band  II)  less  prominent  than  that  expected  for 
the  true  DOVS  of  Gaz03  MU,  by  contributing  intensities  only  to  the 
non-bonding  band  and  the  bonding  band. 


SUMMARY 

In  summary,  ue  have  performed  high  energy  resolution  photoemission 
studies  of  room  temperature  adsorption  of  oxygen  on  Ga  metal.  At  satu¬ 
ration  of  the  adsorption  process,  both  Gaz03  and  regions  of  Ga  bonded  to 
less  than  three  oxygen  atoms  are  present.  The  chemical  shift  in  the 
Ga-3d  level  characteristic  of  0a*03  has  been  measured  to  be  2.0±0.2  eV. 
Three  features  in  the  DOVS  at  5.6,  7.7,  and  10.5  eV  binding  energy  have 
been  successfully  interpreted  in  terms  of  the  oxygen  non-bonding,  the 
O-Ga  donor-like  bonding,  and  the  Ga-O-Ga  bonding  band,  respectively,  of 
Ga303 . 
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FIGURE  CArTICNS 


Figure  1:  Photoemission  spectra  o<  clean  and  oxygen-exposed  Ga  taken  at 
hv=32  eV. 

Figure  2:  Blou-ups  of  the  valence  band  region  of  the  2x1G‘L  spectrum  of 
fig.  1,  with  the  featureless  background  due  to  secondary  electrons  indi¬ 
cated  (the  center  curve).  The  bottom  curve  shows  the  spectrum  with  the 
background  removed;  origins  of  the  features  in  the  spectrum  are  also 
indicated.  The  inset  shows  the  XPS  (Al-Kct,  hv=1486  eV)  valence  band 
spectrum  of  AI2O3  (91  for  comparison. 

Figure  3:  Blou-ups  of  the  Ga-3d  level  of  clean  (the  bottom  curve)  and 
oxidized  (the  top  and  the  center  curve*  respectively  with  and  without 
the  secondary  background)  Ga.  The  arrow  in  the  center  spectrum  point  to 
a  region  of  unresolved  chemical  shifts  in  the  Ga-3d. 
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DETAILS  IN  Ga-3d 


•  • 


BACKGROUND^ 


Ga  +  2  *106L  02 


AEs  2.0  eV 


. 


OXIDIZED 


0.4  eVH  ..  K- 


CLEAN 


22.5 


20.0 

BINDING  ENERGY  (eV) 


17.5 


W.  E.  Spicer,  S.  Eglash,  I.  Lindau,  C.  y.  Su,  and  P.  Skeath,  "Development 
and  Confirmation  of  the  Unified  Model  for  Schottky  Barrier  Formation 
and  MOS  Interface  States  on  III-V  Compounds,"  5th  Int.  Thin  Film  Conf. 
(Israel,  1981),  to  appear  in  Thin  Solid  Films. 


TIiih  Soli, I  pilnii.  tiV  (1982)  447-460 
PREPARATION  AND  CHARACTERIZATION 


447 


DEVELOPMENT  AND  CONFIRMATION  OF  THE  UNIFIED  MODEL 
FOR  SCHOTTKY  BARRIER  FORMATION  AND  MOS  INTERFACE 
STATES  ON  III-V  COMPOUNDS* 

\V.  E.  SPICER.  S.  EGLASII,  1.  LINDAU,  C.  Y.  SU  AND  P.  R.  SKEATTI 

Department  of  Electrical  Engineering,  Stanford  University,  cjo  Stanford  Electronics  Laboratory,  Stanford. 
CA  94 SOS  (U.S.A.J  • 

(Received  October  IS.  1981 ;  accepted  October  21.  1981) 


The  object  of  the  work  reported  here  was.  to  develop  an  understanding  on  an 
atomic  basis  of  the  interactions  between  semiconductors  and  metal  or  oxygen 
overlayers  which  determine  the  electronic  characteristics  of  the  interface,  e.g.  the 
Schottky  barrier  heights  and  the  density  and  the  energy  position  of  states  at  oxide- 
semiconductor  interfaces. 

The  principal  experimental  tool  used  by  ourselves  was  photoemission  excited 
by  monochromatized  synchrotron  radiation  (10  eV  <  hv  <  300  eV).  Extreme 
surface  sensitivity  is  obtained  by  tuning  the  synchrotron  radiation  so  that  the 
minimum  escape  depth  is  obtained  for  the  excited  electrons  of  interest.  In  this  way 
only  the  last  two  or  three  atomic  layers  of  the  solid  are  sampled.  By  changing  hv.  core 
levels  or  valence  bands  can  be  studied.  The  Fermi  level  position  £„  at  the  surface  can 
be  directly  determined  using  a  metallic  reference. 

GaAs.  InP  and  GaSb  were  studied.  On  a  properly  cleaved  surface  there  are  no 
surface  states  in  the  semiconductor  band  gap — thus,  no  pinning  of  £,,.  Pinning  of  £f, 
can  then  be  monitored  as  metal  or  oxygen  is  added  to  the  surface,  starting  from 
submonolaycr  quantities.  Two  striking  results  are  obtained:  (1)  the  pinning  position 
is  independent  of  the  adatom,  whether  it  is  oxygen  or  one  of  a  wide  range  of  metals, 
and  (21  the  pinning  is  completed  by  much  less  than  a  monolayer  of  adatoms.  These 
results  cannot  rationally  be  explained  by  the  hypothesis  that  the  pinning  is  due  to  the 
levels  produced  directly  by  the  adatoms.  Rather,  they  suggest  strongly  that  the 
adatoms  disturb  the  semiconductor  surface  indirectly,  forming  defect  levels.  This  is 
supported  by  the  appearance  of  the  semiconductor  atoms  in  the  met  a  I  and  by  the 
disordering  of  the  semiconductor  surface  by  submonolayer  quantities  of  oxygen. 
Since  these  basic  experiments  have  been  reported  previously  they  arc  only  briefly 
reviewed  here. 

When  metal  or  oxygen  is  added  under  very  gentle  conditions,  ihc  following 
levels  arc  formed  (all  energies  arc  relative  to  the  conduction  band  minimum). 

Semiconductor  Acceptor  Donor 

GaAc  0.6?  cV  O.SJcV 

Ini*  0.45  cV  0.1  cV 

GaSb  0.5  eV  BcluwVIlM 

where  VBM  denotes  the  valence  baiul  maximum. 


•  Paper  pre'cnlcd  at  llic  l'tlili  lmcrnaiion.il  Thin  films  Congress.  I ler/.lia -on-Sca.  Israel,  September 
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These  results  explain  why  Schotlky  barrier  gates  will  provide  useful  field  effect 
transistors  on  n-GaAs  but  not  on  n-lnP.  Likewise  they  predict  that  MOS  or  MIS 
gates  will  be  practical  for  n-InJP  but  not  for  n-  or  p-GaAs.  Studies  of  the  oxygen 
surface  chemistry  find  the  arsenic  oxides  to  be  unstable  and  the  phosphorus  oxides 
to  be  stable,  as  expected.  Some  of  the  new  process  possibilities  opened  up  by  this 
work  arc  considered. 

The  work  of  others  is  comprehensively  reviewed.  In  general,  very  satisfactory 
agreement  is  obtained. 


1.  INTRODUCTION 

The  work  which  led  to  the  development  of  the  “unified  model"  has  been 
extensively  reported  in  the  literature  (see  refs.  1-4  and  references  cited  therein)  and  it 
would  be  inappropriate  to  do  more  than  review  that  material  here.  Rather,  this 
paper  will  have  five  purposes:  f  1)  to  outline  briefly  the  experimental  data  which  led 
to  the  development  of  the  unified  model;  (2)  to  summarize  the  unified  model  briefly; 
(3)  to  outline  recent  work  of  others,  both  theoretical  and  experimental,  related  to  the 
unified  model,  and  in  particular  to  show  how  some  apparently  conflicting  data  arc  in 
fact  quite  consistent  with  the  data  which  led  to  the  unified  model:  (4)  to  show  how 
critical  choices  on  devices  can  be  made  (using  present  device  technology);  (5)  to  point 
out  ways  by  which  the  limitations  inherent  in  (4;  might  be  changed  by  new  device 
processing  technology. 

2.  EXPERIMENTS  WHICH  RESULTED  IN  DEVELOPMENT  OF  THE  UNIFIED  DEFECT  MODEL 

The  use  of  synchrotron  radiation  from  the  Stanford  Synchrotron  Radiation 
Laboratory  (SSRL)  for  L:V  (10  eV  <  hr  <  200  cV)  photoeniission  spectroscopy 
(UPS)  was  essential  to  this  work,  since  the  tunabilitv  of  synchrotron  radiation  made 
possible  key  experiments  involving  the  examination  of  core  and  valence  levels  of  the 
last  one  or  two  molecular  layers  of  the  semiconductor  surface*  '’.  In  addition,  a 
range  of  conventional  experimental  techniques  including  low  energy  electron 
diffraction  \  Auger  electron  spectroscopy  (its  use  was  minimized  because  of  electron 
beam  damage  to  the  surface)  and  UPS’1  ”  with  conventional  sources  were  used  in 
this  work. 

An  absolutely  critical  technique  was  the  direct  measurement  of  the  surface 
position  of  the  Fermi  level  by  photoemission*  It  should  be  emphasized  that 
we  measured  E(,  directly.  By  contrast.  Brillson  and  cowoikcrs'1'  have  attempted 
to  measure  changes  in  work  function  via  contact  potential  techniques:  in  these 
experiments  the  separation  of  changes  in  b  ind  bending  and  electron  allinity  is  not 
obvious.  Mdnch  and  coworkers1  1,12  have  correctly  interpreted  such  contact 
potential  measurements  to  yield  changes  in  band  bending. 

On  a  “well-cleaved” ;  (110)  surface  of  most  III  -V  compounds.  is  not  pinned 
since  rearrangement  of  the  near-surface  atoms  moves  the  intrinsic  surface  states  out 
of  the  band  gap1  allow  mg  one  to  start  with  a  surface  w  here  isat  the  bulk  Fermi 
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level  position.  Moderately  doped  n-type  and  p-type  crystals  are  used  so  that  the 
Fermi  level  position  on  the  clean  surface  is  near  one  of  the  band  edges.  Then,  by 
adding  foreign  atoms  such  as  oxygen  or  a  metal  and  watching  the  movement  of 
until  it  becomes  pinned,  the  new  energy  levels  induced  at  or  near  thc  surfacc  can  be 
determined.  In  a  later  section  we  shall  discuss  the  details  of  this  measurement  and  of 
the  contact  potential  measurements10-11. 

The  key  results  from  this  stu.-ly  were  (I)  that  the  Efi  pinning  position  was 
essentially  independent  of  adatoms,  i.e.  it  was  at  the  same  position  independently  of 
whether  the  adatom  was  a  metal  tcesium.  aluminum,  indium  or  gallium)  or  oxygen, 
and  (2)  that  the  pinning  was  complete  with  much  less  than  a  monolayer  of  the 
adatom.  On  this  basis,  the  popular  theories  of  Schottkv  barrier  formation '*4, 15 
could  be  discarded  (however,  the  results  were  in  the  direction  suggested  by  Anderson 
and  Phillips14).  Since  the  adatoms  must  all  induce  the  same  surface  or  near-surfnee 
states,  the  only  reasonable  conclusion  was  that  these  states  were  due  to  a  structural 
defect  produced  by  the  perturbation  due  to  the  adatom  on  the  surface  lattice. 

It  should  be  noted  that  the  free  surface  was  highly  strained  by  the  rearrange¬ 
ment  which  moved  surface  states  out  of  the  band  gap15.  It  is  well  established  that 
oxygen  adsorption  disorders  the  surface  lattice — a  process  in  which  defects  are 
expected  to  be  produced1-15.  With  metal  adatoms,  experiments  at  SSRL  which 
monitored  the  core  levels  of  the  components  of  the  III— V  compounds  showed  that, 
on  deposition  of  many  monolayers  of  the  metal,  the  group  III  and  group  V 
constituents  of  the  semiconductors  moved  into  the  metal1'41-'1".  A  detailed 
mechanism  which  provides  the  activation  energy  for  this  has  been 
suggested1*41516. 

As  will  be  seen  in  Section  3.  others  have  since  found  independent  support  for  the 
defect  model.  It  is  formally  titled  the  "unified  defect  model”,  but  shortened  to  unified 
model  for  convenience,  since  it  simultaneously  explains  Schottkv  barrier  formation 
and  the  origin  of  the  interface  slates  in  MOS  or  MIS  structures  as  being  due  to  the 
creation  of  the  same  defect  states. 

Making  use  of  the  movement  of  Er,  as  a  function  of  adatom  deposition1*5,  the 
defect  levels  in  Fig.  1  have  been  deduced.  The  energy  positions  are  considered  to  be 
quite  firm  within  the  experimental  error  of  ±0.1  cV.  The  defect  type  (acceptor  or 
donor)  is  also  considered  quite  certain  la  donor-like  surface  defect  can  donate  an 
electron  to  the  bulk  and  ar  acceptor-like  surface  defect  can  accept  an  electron  from 
the  bulk).  For  GaAs  and  InP  the  origin  of  the  defect  associated  with  the  energy  level 
(e..sf.  an  acceptor  due  to  a  missing  arsenic  atom  in  GaAs)  is  considered  quite  tentative. 
Other  suggestions  which  have  been  made  by  Williams  and  coworkers  1>*  ;“  for  InP 
and  Harrison1'.  Grant  er  al.'*  and  Mbnch  and  Gant12  for  GaAs  arc  also  indicated 
in  Fig.  I .  The  identity  of  the  defect  for  GaSb  is  thought  to  be  quite  certain  as  it  agrees 
with  that  for  bulk  GaSb. 

The  energy  levels  shown  itt  Fig.  1  also  agree  as  well  as  can  be  hoped  with 
Schottkv  barrier  heights  and  oxide-semiconductor  interface  levels  found  in  device 
structures1*4-15.  It  should  he  noted  that,  while  all  our  measurements  were  made  on 
the  (1101  cleavage  face  (the  crystals  were  cleaved  in  sir u  at  10  * 1,1  Torrl.  most  of  the 
device  structures  wore  made  on  (III)  or  (100)  faces  of  III  -V  materials.  The 
theoretical  woik  of  Daw  and  Smith21  shows  that  if  the  defect  levels  lie  two  or  more 
molecular  layers  beneath  the  interlace  they  will  be  characteristic  of  the  bulk  ami  thus 
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will  not  depend  on  the  crystal  surface.  The  experimental  resuits  mentioned  above 
suggest  that  this  is  the  ease,  as  do  other  arguments'  -4,13. 

It  should  be  emphasised  that  the  metal  adatoms  in  our  experiments  were 
deposited  as  gently  as  possible  {by  evaporation)  and  that  the  crystals  were  not 
heated  during  or  after  deposition.  The  defect  formed  may  be  vacancies  or  vacancy 
complexes  (i.e.  "clusters"  of  two  or  more  defects)  as  in  the  ease  of  GaSb  1 3.  Heating  or 
other  subsequent  processing  may  change  a  vacancy  into  a  complex  or  change  the 
nature  of  a  complex.  However,  if  this  is  happening  for  the  defects  of  interest  here,  the 
energy  levels  arc  changed  by  only  small  amounts  I  of  the  order  off).  I  eV),  because  the 
Schottky  barrier  heights  and  positions  of  MOS  interface  states  agree  so  well  with 
results  obtained  in  device  processing  where  the  samples  are  not  treated  so  gently. 
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Fig.  I.  The  surface  or  interface  defect  levels  obtained  in  this  work.  The  energies  of  the  levels  are 
considered  to  be  well  established  tto  the  experimental  accuracy  of  -0.1  eV)  as  are  the  acceptor  or  donor 
nature  of  the  levels.  The  identification  of  the  anion  or  cation  is  less  certain  for  Ga  Ax  and  InP.  For  example. 
Harrison’7.  Grant  if  <t l.,f  and  .Vfbnch  and  Gant 1 :  have  suggested  that  both  GaAs  levels  are  due  to  the 
same  defect  and  associate  this  with  missing  arsenic,  whereas  in  InP  Williams  and  coworkersl,  :i 
associate  the  1.2  eV  donor  with  missing  phosphorus  and  the  0.9  eV  acceptor  with  missing  indium. 


GbSb°''  !e. 


jj _ ^ 

/'.MB  /A 


3.  CRITICAL  DEVICE  CHOICES  WHICH  CAN  BE  made  IN  THE  CONTEXT  OF  EXISTING 
PROCESS  TECHNOLOGY 


An  extremely  important  application  of  the  unified  model  and  the  energy  levels 
shown  in  Fig.  1  is  to  the  choice  of  the  type  of  gate  for  field  elTect  transistors  (FETst 
made  with  GaAs  and  InP.  Because  the  energy  levels  of  GaAs  lie  near  mideap.  it 
forms  relatively  high  Schottky  barriers  and  thus  provides  good  Schottky  barrier 
gates  for  the  FET.  (Recent  work  by  our  group”  indicates  that  even  larger  barrier 
heights  may  be  possible  on  n-iypc  GaAs.)  However,  the  depth  of  the  defect  levels 
makes  GaAs  very  unfavorable  for  MOS  device  applications.  The  problem  is 
compounded  by  the  instability  of  the  arsenic  oxides23-24. 

Because  the  position  of  ihc  defect  levels  in  InP  is  near  the  conduciion  hand 
minimum  (CBM)  it  gives  too  small  a  Schottky  barrier  height  fora  practical  Schottky 
gate  on  n-lype  InP.  However,  the  low  activation  energy  of  the  interface  defect  levels 
on  n-tvpc  material  makes  it  a  good  candidate  for  MOS  or  MIS  devices.  Our  work15 
has  long  indicated  that  the  MIS  structure  should  be  superior  to  the  MOS  lor  III— V 
compounds.  The  fact  that  there  is  no  instability  problem  for  phosphorus  oxides 
unlike  arsenic  oxides24-2"  makes  the  MIS  or  MOS  structures  on  InP  even  more 
attractive.  In  fact,  Wieder27.  Meiners2*  and  Fritschc24  have  obtained  very 
promising  results  with  MIS  InP  devices. 
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In  conclusion,  if  the  results  of  the  unified  model  arc  applied  to  making  choices 
for  FET  configurations  on  In  P  and  GaAs  using  existing  device  processing,  it  is  clear 
that  GaAs  can  only  be  expected  to  work  for  Schottky  barrier  gates  and  not  MOS  or 
MIS  gates.  This  is  in  agreement  with  the  practical  experience  on  these  materials,  i.e. 
the  success  of  GaAs  Schottky  barrier  gates  and  the  failure  (despite  energetic  efforts) 
of  GaAs  MOS  or  MIS  structures.  (It  should  be  remembered  that  all  existing  MIS 
structures  have  a  thin  oxide  layer  on  the  semiconductor  surface  before  the  insulator 
is  deposited.)  Conversely,  there  has  been  no  success  with  InP  Schottky  gates  but 
increasing  success  with  InP  MIS  structures27'29. 

4.  NEW  DEVICE  POSSIBILITIES 

Once  we  know  the  source  of  a  given  problem  phenomenon,  new  techniques  can 
be  devised  to  modify  or  eliminate  that  phenomenon.  Knowing  that  Schottky  barrier 
formation  and  semiconductor-oxide  interface  states  are  both  due  to  the  same 
defects  opens  two  closely  related  avenues.  For  example,  to  modify  the  Schottky 
barrier  pinning  position  we  might  alter  processing  to  reduce  the  defect  density 
and/or  add  dopants  in  the  surface  or  interface  region  in  large  enough  quantities  to 
overcome  the  effect  of  the  defects. 

The  work  of  Farrow  et  al.30  in  which  the  Schottky  barrier  height  of  Ag/ 
InP(lOO)  was  studied  as  a  function  of  the  stoichiometry  of  the  (100)  face  illustrates 
the  reduction  in  defect  density  by  surface  treatment,  as  given  above.  When  the  poiar 
face  was  saturated  with  phosphorus  before  silver  deposition,  the  Schottky  barrier 
height  was  found  to  be  very  small  (about  0.1  eV  below  the  CBM)  in  accord  with  the 
donor  level  shown  in  Fig.  1.  However,  when  no  special  treatment  was  given  to  the 
InP  face  prior  to  the  silver  deposition,  the  normal  barrier  height  of  about  0.4  cV  was 
obtained  in  agreement  with  the  acceptor  level  in  Fig.  1.  Apparently,  the  saturation  of 
the  surface  with  phosphorus  inhibits  the  formation  of  the  level  0.4 cV  below'  the 
CBM  (which  we  attr:K.e  to  missing  phosphorus)  relative  to  the  0.1  oV  level  (which 
we  attribute  to  mis  >,  .ndium). 

In  Fig.  2  we  present  what  we  believe  to  be  the  first  clear  example  of  a  dopant 
overwhelming  the  defect  levels  at  the  interface  of  a  III— V  semiconductor.  In  previous 
studies1'*'  we  found  that  gold  gave  a  pinning  position  on  n-type  GaAs  somewhat 
nearer  the  valence  band  maximum  (VBM)  than  oxygen  or  any  of  the  other  metals 
studied.  Therefore,  we  decided  to  study  gold  in  more  detail.  The  results  of  Skeath 
and  coworkers22  in  Fig.  2  give  the  results  in  terms  of  Eh  as  a  function  of  the  amount 
of  gold  deposited  on  an  atomically  clean  GaAs(l  10)  cleavage  face.  The  curve  for  p- 
type  GaAs  is  most  instructive.  At  low  coverages  E(,  rises  as  it  typically  does  for 
metals  on  GaAs.  However,  whereas  for  metals  normally  levels  off  at  the  final 
pinning  position  given  by  Fig.  1,  a  reversal  takes  place  with  gold.  i.e.  after  l'f,  reaches 
a  maximum  it  decreases  monotonically  with  increasing  gold  coverage.  This 
indicates  that  two  competing  mechanisms  arc  involved  in  pinning  At  low 
coverages  the  defect  mechanism  dominates:  at  higher  coverages  an  acceptor  level 
(lying  near  the  VBM)  introduced  directly  by  the  gold  atoms  (probably  by  gold 
moving  into  the  GaAs)  ox  crcomcs  the  defect  levels  and  determines  An  important 
prerequisite  for  movement  of  the  gold  into  the  CiaAs  is  to  have  an  atomically  clean 
GaAs  surface  prior  to  the  gold  deposition.  It  appears  that  even  a  few  layers  of  oxide 
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Fig.  2.  The  Fermi  level  position  £,,  at  the  surface  rs.  the  iogarilhm  of  ihc  gold  coverage  on  G.".  Asi !  10). 
From  the  rise  in  £„  for  low  coverages  of  gold  on  the  p-tvpe  material,  it  is  clear  that  the  defect  meenumsmis 
working  in  that  region.  The  drop  in  £,,  (above  a  gold  coverage  of  about  5  x  10'*  cm'2)  indicates  the 
creation  of  a  new  interface  level.  It  is  suggested  that  this  is  due  to  a  new  state  that  is  created  by  the  gold  in 
the  GaAs: .  gold  overlayer; .  Al/Ga/In  overlayer. 

greatly  inhibit  this  movement.  Such  layers  are  always  present  in  “practical” 
Schottky  barriers  made  on  GaAs  surfaces  which  nave  been  previously  exposed  to 
the  air.  This  is  believed  to  be  the  reason  that  this  effect  has  not  been  clearly  seen 
previously. 

In  the  discussion  above  we  give  two  examples  of  the  methods  by  which  the 
Schottky  barrier  height  can  be  chanced  in  real  devices.  These  should  be  taken  as 
somewhat  crude  examples,  having  been  discovered  without  the  intention  of 
controlling  the-  barrier  height.  Making  use  of  techniques  such  as  molecular  beam 
epitaxy.  we  can  begin  to  design  structures  giving  the  desired  behavior  and  then  to 
develop  processes  to  realize  it.  For  example,  we  might  learn  methods  of  heavily 
doping  the  last  ten  or  twenty  layers  of  n-type  InP  with  an  acceptor,  e.g.  beryllium  or 
zinc,  to  make  it  strongly  p  type.  The  InP  growth  would  then  be  terminated  with 
indium  and  a  metal  deposited  to  form  a  Schottky  barrier.  This  metal  may  be  an  alloy 
containing  indium  and  appropriate  heating  schedules  might  be  developed.  In  this 
way.  the  formation  ofdonorsduc  to  missing  indium  will  be  minimized  and  £,.  will  be 
determined  by  the  beryllium  or  zinc  acceptors  which  lie  near  the  VBM  so  that  a 
Schottky  barrier  height  almost  equal  to  the  band  gap  could  be  obtained  on  n-lype 
InP— something  which  has  not  been  possible  to  date-'1-'.  In  fact,  the  inability  to 
form  a  satisfactorily  high  Schottky  barrier  on  InP  has  impeded  the  practical 
application  of  this  material  greatly. 

This  gives  just  one  of  many  configurations  which  can  be  envisioned  based  on  the 
understanding  of  the  fundamentals  of  Schottky  barrio  and  (lll-V)-oxide  interface 
formation  as  outlined  earlier.  It  should  also  be  noted  that  certain  questions  (see 
Section  2)  remain  as  to  the  details  of  the  defects  involved.  These  questions  need  to  be 
answered  definitively  to  give  the  firmest  knowledge  possible  for  the  “scientific” 
engineering  of  new  improved  device  structures. 

5.  COMPARISON  WITH  rill;  WORK  Ol  OIIII  KS 

As  mentioned  above,  we  are  in  agreement  with  Williams  and  cowotkers1*' ;0 
for  Ini’  except  for  the  assignment  o!  the  missing  species  producing  the  defect.  There 
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is  also  agreement  with  Farrow  et  ul.in  in  the  location  of  the  In  I’  defect  energy  levels. 

The  theoretical  work  of  Daw  and  Smith21-  '1  based  on  a  simple  arsenic  vacancy 
gives  the  observed  systematics.  as  well  as  insight  associated  with  the  vacancy  levels  as 
it  is  moved  from  the  surface  into  the  bulk. 

Wiedcr12  has  studied  the  Fermi  level  pinning  position  by  measuring  the  highest 
filled  level  in  MIS  structures  in  the  system  Gavfn, .  xAs(n  type  I  as  .vis  increased  from 
0  to  1.  He  found  that  he  could  explain  his  data  if  he  assumed  that  the  pinning  was  due 
to  an  anion  vacancy  level  which  was  at  a  fixed  height  0.53  cV  above  the  VBM. 
independent  of  the  composition  of  the  GavIn,  _xAs.  The  result  of  a  constant  vacancy- 
level  due  to  an  anion  vacancy  is  in  agreement  with  recent  ah  initio  calculations  of 
Daw  and  Smith2111  for  the  alloy  system.  Lagowski  et  at* \  making  use  of  the 
GaAs-oxide  interface  states  in  a  “phototransistor"  mode,  have  detected  directly  the 
level  near  0.7  cV. 

Monch  and  Gant12  measured  the  change  in  the  contact  potential  of  a  GaAs 
surface  as  a  function  of  temperature  and  located  both  GaAs  defect  levels  show  n  in 
Fig.  1  in  agreement  with  our  energy  assignments.  Making  certain  assumptions,  they 
deduce  from  their  data  fas  indicated  in  Fig.  1)  that  the  levels  shown  are  both  due  to 
the  same  defect  associated  with  a  missing  arsenic.atom.  The  defect  can  accept  either 
an  electron  or  a  hole  in  agreement  with  the  theoretical  considerations  of  Harrison1" 
and  interpretations  of  their  own  data  by  Grant  et  at.1*  We  shall  return  shortly  to  the 
work  of  Monch  and  Gant. 

Considerable  other  work  is  under  way  on  the  defect  model.  For  good 
collections  of  articles,  the  reader  is  referred  to  the  Proceedings  of  the  Eighth 
Conference  on  the  Physics  of  Compound  Semiconductor  Interfaces 12  (and  the 
Proceedings  of  the  Fifteenth  International  Conference  on  the  Physics  of  Semi¬ 
conductor*).  Of  particular  interest  is  the  theoretical  work  of  Allen  and  Dow16  who 
suggest  that  surface  anti-site  defects  are  responsible  for  the  interface  pinning.  The 
calculations  of  Nishida  (ref.  35,  p.  1093)  and  the  measurements  of  Hascgawa  and 
Sawada  (ref.  35.  p.  1 1251  should  also  be  noted. 

In  Fig.  3  we  present  data  on  the  Fermi  level  position  as  a  function  of  metal 
coverage  obtained  by  ourselves4-11,  using  the  photoemission  methods  to  be 
described  below,  and  quite  independently  by  Monch  and  Gant 12  by  measurement  of 
the  contact  potential  dilVerencc  as  a  function  of  temperature  for  the  indicated  metal 
coverages.  Considering  the  difficulty  and  different  character  of  the  measurements, 
the  agreement  is  striking.  However,  the  work  of  Brillson  and  coworkers  appears  to 
be  in  some  disagreement  with  the  model,  but  this  is  resolved  here.  For  example. 
Brillson  and  Kruger1*  concluded  from  their  data  that  Fermi  level  stabilization  had 
not  occurred  at  metal  (aluminum)  coverages  up  to  20  A  (15  monolayers),  but  in  a 
paper  published  almost  simultaneously  Brillson  of  ul.'9  stated:  "...[that  portion 
of]  the  Fermi  level  stabilization  [that]  occurs  with  less  than  a  few  monolayers  of 
metal  deposition  on  ulirahigh-vncuwm-clcavcd  semiconductor  surfaces  [id's.  1 0  and 
39]".  Our  purpose  in  the  following  paragraphs  is  to  resolve  this  apparent 
contradiction.  It  should  be  kept  in  mind  that  our  (photoemission)  measurements  of 
the  band  bending  are  direct,  i.e.  the  surface  position  of  the  Fermi  level  is  measured 
directly  with  respect  to  the  valence  band  and  or  core  levels  (ami  thus  u  i tit  respect  to 
the  VHM)1  4.  So.  within  an  uncertainty  of  ±0.1  cV.  band  (sending  can  be  measured 
quite  reliably  atul  in  a  straightforward  manner. 
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The  measurements  by  Brillson  and  coworkers  and  Monch  and  coworkers  often 
make  use  of  contact  potential  differences  to  determine  the  surface  position  of  the 
Fermi  level.  The  experimental  data  consist  of  plots  of  the  contact  potential  difference 
versus  overlayer  coverage.  Such  plots  arc  included  in  Fig.  4  for  the  systems  for  which 
data  have  been  published  to date'0,  “••*’.  For  Monch  and  Cant  this  istheCe-GaAs 
system;  for  Brillson  and  coworkcrs10,31,38  it  is  the  AI-GaAs  system.  Both  studies 
show  the  same  characteristic:  the  curves  can  be  divided  into  three  regions  according 
to  coverage'1.  The  first  region 'is  that  in  which  the  contact  potential  difference 
changes  very  rapidly  with  coverage,  and  this  occurs  for  coverages  below  0.2 
monolayers.  The  next  region  extends  from  here  to  5  monolayers.  In  this  region  the 
contact  potential  difference  goes  through  a  maximum  and  then  decreases  with 
increasing  coverage.  In  the  final  region  (coverages  greater  than  5  monolayers),  the 
contact  potential  difference  is  constant.  Fortunately  there  have  been  comprehensive 
studies*-'1, 1  ‘•3W_45  of  overlayers  of  foreign  atoms  onsemiconductors  which  allow  us 
to  identify  the  physics  taking  place  in  each  of  these  regions.  The  first  is  dominated  by 
changes  in  the  band  bending.  i.e.  the  creation  of  states  which  pin  the  surface  (or 
interface)  position  of  the  Fermi  level.  The  second  is  due  to  the  change  in  the  electron 
affinity  of  the  semiconductor  by  the  overlayer  and  the  gradual  development  of 


Fig.  3.  The  Fermi  level  position  £,.  in  the  energy  g;tp  of  GaAs  a*  a  function  of  metal  coverage  on  both  n- 
lypenml  p-tvpe  samples (G.iAst  I  lot.  TOOK;  =»  £«-t0.55r0.QJlcV;  »  t\»-(0.SS~tUI5)eV; 

.V*  *  lO.tlh  -  it  tuio ,  ,„(!):  the  data  points  arc  from  the  w  ork  of  Skenf  It  or  uf.  ’  for  thi  cc  different  metals 
a.  aluminum:  O.  •.  gallium:  Cs.  A.  indium)  obtained  by  the  photoemission  technique  described  in  the 

text  and  in  refs.  i.  8  and  V: - .  results  determined  by  Monch  and  Gant  '*  for  germanium  on  <  iaAs  hv 

contact  pivtemi.il  diltcrencc  measurement  techniques;  □.experimental  uncertainty  of  Monch  and  Gant. 
Fig.  4.  The  change  in  comae!  potential  difference  tat  that  would  ho  expected  from  the  data  of  Fig.  J  if  only 
the  interface  position  of  the  Fermi  lexe!  changed  with  no  change  in  the  electron  ailimtx  of  the 
semiconductor  md  (hi  in  results  ohi.uncd  by  Monch  and  coworkcis' 1  fot  germanium  on  Ua As  and  by 
Brillson  and  cow  inker*1  for  aluminum  on  GaAs.  As  can  he  seen,  verv  good  agreement  is  obtained 
between  ihc  te»ull<  for  'he  surface  I  ermi  level  obtained  directly  fiom  photoemission  tcclmiquex  and  the 
contact  poicmul  dillcrcnce  results. 
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ovcrlaycr  quantities  sufficient  to  givp  a  contact  potential  dilTcrencc  that  is 
characteristic  of  the  ovcrlaycr  itself.  The  third  (constant)  region  is  simply  due  to  the 
work  function  of  the  ovcrlaycr.  which  completely  establishes  itself  for  a  sufficiently 
thick  layer.  As  would  be  expected,  region  1  is  missing  if  the  overlayer  is  deposited  on 
a  metal  rather  than  a  semiconductor. 

For  comparison.  Fig.  4(a)  also  includes  the  result  expected  from  only  the  change 
in  band  bending  (i.c.  the  surface  Fermi  level  position  £f.)  for  n-type  GaAs.  This  was 
obtained  from  the  data  of  Fig.  3.  As  can  be  seen,  it  is  indistinguishable  from  the 
contact  potential  difference  for  values  between  0.3  and  0.65  V  (i.e.  for  coverages  of 
less  than  0.1  monolayers)  and  is  slightly  higher  t. by  about  0.06  cV)  than  the  contact 
potential  difference  curves  for  larger  coverages.  This  difference  is  due  to  the 
reduction  in  the  semiconductor  electron  affinity  with  increasing  overlayer  coverage 
(see.  for  example,  ref.  43)  for  coverages  less  than  0.25  monolayers. 

The  first  region  is  of  key  importance  since  it  is  here  that  the  change  is  dominated 
by  the  movement  of  E(t.  There  is  agreement  in  the  literature,  except  for  certain 
publications10,37  (although  these  same  researchers  also  obtain  results  in  agreement 
with  most  workers38). 

Brillson  and  coworkers  introduced  an  “atomic  dipole”  to  explain  the  first  (low 
coverage)  region  of  the  contact  potential  difference  curves10,  as  an  integral  part  of 
their  model10,37,38.  First  we  note  that  all  available  data,  including  those  in  Fig.  4, 
can  be  explained  without  invoking  such  a  dipole.  If  an  opaque  electronic  barrier  is 
present,  as  assumed  by  Brillson  and  coworkers,  it  would  have  caused  a  greater 
change  in  contact  potential  difference  so  that  the  curve  would  have  risen  above  the 
cur\e  showing  the  change  in  band  bending  for  indium,  aluminum  and  gallium  in 
Fig.  4.  There  is  definitive  literature* ■4-39*40  which  establishes  that  for  barriers  with 
tunneling  probabilities  even  less  than  that  suggested  by  Brillson  and  coworkers10 
there  is  no  contribution  to  the  Schottky  barrier  height  by  the  "atomic  dipole”.  We 
illustrate  this  in  Fig.  5,  reproduced  from  Muller  and  Kamins46.  We  quote  from  that 
text46 : 

“To  account  for  surface  elTects.  the  metal-semiconductor  contact  is  treated  as  if 
it  contained  an  intermediate  region  sandwiched  between  two  crystals.  The 
intermediate  region  is  thought  to  consist  of  an  interfacial  layer  ranging  from 
several  to  of  the  order  of  10  atomic  dimensions  in  width.  This  layer  contains  the 
impurities  and  added  surface  states.  It  is  too  thin  to  be  an  effective  barrier  to 
electron  transfer  (which  can  occur  by  tunneling)...”. 

Since  the  barrier  invoked  by  Brillson  and  coworkcrs10  is  not  an  effective  barrier  to 
electron  transfer,  it  will  not  contribute  to  the  Schottky  barrier  height  as  currently 
measured.  This  conclusion  is  well  substantiated  by  the  good  agreement  between 
work  on  electron  emission  over  Schottky  barriers  into  vacuum41'45  and  contact 
potential  measurements  even  when  the  "atomic”  barrier  is  several  elcctronvolts 
higher  than  the  threshold  for  emission  and  the  barrier  determined  by  contact 
potential  differences. 

In  their  photovoltaic  studies  Brillson  and  coworkcrs10,37  claimed  that  for 
certain  overlayers  the  baud  bending  can  be  measured  by  “flattening  the  bands"  with 
radiation  of  intensity  5XI0"1  photons  cm*1  s'1  and  measuring  the  induced 
photovoltage.  Since  their  measured  photovoltages  have  consistently  been  lower 
than  the  known  barrier  heights"1,37,3*,  they  have  attributed  the  difference  to  the 
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Fig.  5.  Bund  structure  near  a  metal-semiconductor  contact.  The  height  of  the  Schottky  harrier  is  i}o«. 
This  diagram  should  be  contrasted  with  the  incorrect  diagram  given  by  Brillson  and  coworkers  Isee.  for 
example,  ref.  37.  Fig.  h  (From  Muller  and  Hamms'**.) 

Fig.  6.  The  photovoltage  data  of  Brtllson  and  Kruger1'  replotted  so  that  the  origin  of  the  vertical  scale  is 
the  same  for  ail  curves.  The  thickness  (At  of  the  aluminum  overiayer  is  ridiculed  me  have  used  1.4  A  -  I 
monolayer,  as  suggested  by  Brillson  and  Kruger1*).  The  increase  in  the  low  intensity  photovoltage 
between  the  two  thickest  samples  and  the  thinner  samples  should  be  noted.  When  these  low  intensity 
photovoltages  are  subtracted  from  the  high  intensity  phoiovoliages.  no  change  with  aluminum  thickness 
is  present  in  these  data:— ,  20  A; - .6.7  A: ,  17  A; .  1.3  A: - .0.7  A. 

“atomic  barrier"  discussed  above.  In  addition,  they  have  claimed3"  that  the  band 
bending  changes  with  aluminum  deposition  up  to  coverages  of  1 5  monolayers. 

As  McGill  el  al.*'  have  pointed  out.  the  maximum  photovoltage  as  a  function 
of  light  intensity  which  can  be  obtained  from  a  Schottky  barrier  can  be  predicted 
from  the  current-voltage  equation  for  an  ideal  diode48: 

where  J  is  the  current  density,  A  is  a  fundamental  constant.  T  is  the  temperature.  <A  is 
the  Schottky  barrier  height,  k  is  Boltzmann's  constant  and  F  is  the  applied  voltage. 
In  calculating  the  open-circuit  photovoltageof  this  diode  (which  is  the  phoiovoiiagc 
measured  by  Brillson  and  eoworkersl.  J  is  the  photocurrent  assuming  IU0"„ 
quantum  efficiency  (the  electronic  charge  multiplied  by  the  photon  ffiixland  I  ’  is  the 
photovoltage.  The  constant  of  unity  subtracted  in  the  braces  in  cqn.  (I)  can  be 
ignored  for  the  photon  flux  density  of  5*  I0,!i  cm* 3  s' 1  used  by  Brillson  and 
coworkers,  and  the  equation  can  be  rewritten  as 


Here,  **  V  is  the  open-circuit  voltage.  /  is  the  incident  light  lUix  and  «/  is  the 
electronic  charge.  It  should  be  noted  that  wc  are  assuming  iio  loss  of  photoexcitcd 
carriers  due  to  bulk  recombination  or  diffusion;  thus  eqn.  (2)  gives  us  an  upper  limit 
to  1^..  For  the  maximum  llux  tS  x  !0IS  photons  cm  ' :  s  1 )  reported  b>  linlison  and 
coworkers  d  ig.  (»).  the  second  term  on  the  riglu-luin  side  is  <14*  cV.  Taking  the 
barrier  height  oft). 7 cV  chosen  by  Brillson  and  Kruger3*  the  maximum  value  of  l,H. 
the  largest  possible  contact  potential  difference  change  due  to  irradiation,  is  0.27  eV. 
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TAD  LI:  I 

Till  I  Alt  KIMkNTAt.  lUIOTOVOLTAtil.S  OMAINtD  UY  IIRILLVIN  ASI)  KRL'GIR  (KIT.  37,  H<;.  I)  FOR  VVAIOtS 
ALL'MI  M  'I  (<l\  rRAC.IS  AT  TlIflR  MAXIMUM  A  NO  MINIMUM  MAO/A  TION  INTENMTirS  I  SI  E  VIO.  0  OF  II1E  THKSi.NT 
I'ACLKt 


Coverage  1 1 1 .  pilot! -voltage  with  1 2 ) .  pholnvahuge  with  IS)  m  1 1 )  —  >2). 

(monolayersi  5  x  ID1' photons  em~' s'1  2  x  ID1* photons cm~ ‘  s~ 1  photovolinge th)f create 

(mcV)  .  (meV)  (meV) 


0.5 

140 

10 

130 

130 

10 

130 

1.5 

140 

20 

120 

4.S 

160 

40 

120 

15.0 

:oo 

40 

160 

Thus  their  claim  for  saturation  and  flat  band  conditions,  i.e.  V„  =  oo,  even  with  an 
incident  flux  of  5  x  10‘®  photons  cm'2  s' l,  is  in  error  by  at  least  0.43  cV. 

In  Table  I  we  have  compiled  the  photovoltages  obtained  by  Brillson  and 
Kruger  (ref.  37.  Fig.  1 ).  These  are  replotted  in  Fig.  6  and  are  shifted  so  that  the  zero  of 
energy  is  the  same  for  each  curve.  It  should  be  noted  in  Fig.  6  that  the  photovoltage 
at  the  lowest  intensity  measured  (approximately  2xl0‘2  photons  cm'2  s'1) 
increases  appreciably  with  increasing  overiayer  thickness.  This  cannot  be  accounted 
for  by  the  bulk  photovoltage  equations  and  is  most  probably  due  to  a  photovoltage 
produced  by  exciting  carriers  out  of  the  interface  defect  states.  Thus,  in  the  last 
column  of  Table  I.  these  low  intensity  photovoltagcs  have  been  subtracted  from 
those  measured  at  the  highest  light  intensity.  The  result  is  plotted  in  Fig.  7.  Since 
BrilUonand  Kruger27  report  that"...  the  band  bending  can  be  determined  to  within 
50  meV"  the  experimental  points  of  Fig.  7  are  overlaid  by  a  shaded  region  50  meV 
wide.  As  can  be  seen  the  experimental  points  fall  within  this  shaded  area.  i.e.  within 
the  experimental  accuracy.  Thus  wc  can  draw  the  following  conclusions. 

( 1 )  The  photovoltage  and  thus  the  barrier  height  arc  constant  and  independent 
of  the  overlayer  thickness  for  all  overlayer  thicknesses  measured  by  Brillson  and 
Kruger27,  i.e.  for  coverages  greater  than  0.5  monolayers.  This  work  of  Brillson  and 
Kruger  is  then  found  to  conform  with  the  rest  of  the  literature  including  the  work  by 
Skcath  el  al. 

(2)  The  simple  phoiovoltagc  calculation  showed  that  Brillson  and  Kruger 
could  not  have  approached  saturation  with  their  photon  fluxes.  Thus,  their 
arguments,  based  on  photovoltaic  measurements  for  an  "atomic  dipole"  con¬ 
tribution  to  the  Sehottky  barrier  height,  cannot  be  valid.  We  note  that  our 
arguments  do  not  disprove  the  presence  of  the  "atomic  barriers”  proposed  by 
Brillson  and  coworkers,  but  such  barriers  can  be  observed  or  verified  by  contact 
potential  difference  measurements. 

Thus,  all  the  existing  literature  is  found  to  be  in  general  agreement  with  the 
unified  model  and  the  data  which  led  to  it.  It  still  remains,  however,  to  identify  the 
actual  nature  li  e.  arsenic  or  gallium  vacancy  etc.)  of  the  defect  levels. 

6.  CONTUSIONS 

Since  it  was  formally  presented  in  January  !*)?»)  the  unified  model  has 
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Fig.  7.  The  difference  in  photovollage  round  by  Brillson  and  Kruger1'  in  going  from  the  lowest  to  the 
highest  intensity  light  tsee  Fig.  6  and  Table  I):  — •> — .  theoretical  upper  limit  07(1  meVi  for  the 
photos oltagc  at  5  *  I01"  photons  cm"1  s*1  for  a  real  Schotlky  barrier  height  of  0.7  eV  tsce  eqn.  (2)  and 
text):  x .  experimental  points  of  Urillson  and  Kruger11.  Within  experimental  error,  the  photovoltage  is 
independent  oflayer  thickness,  in  agreement  with  the  conclusion  drawn  from  Fig.  4. 


stimulated  considerable  interest.  At  the  time  it  represented  a  strong  break,  with  one 
exception14,  from  the  previous  concepts  of  Schotlky  barrier  formation  and,  to  a 
lesser  extent,  the  concepts  of  the  formation  of  MOS  interface  states.  It  unified  a  body 
of  existing  data  and  has  stood  up  well  in  subsequent  investigations  by  a  large  and 
growing  group  of  wo.kcrs.  It  has  also  provided  insights  for  improved  ‘scientific 
engineering”  of  device  structures. 
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In  a  paper  appearing  elsewhere  in  this  issue  our  unified  model  for  Schottky 
barrier  formation  on  III-V  semiconductors  is  reviewed*  and  some  work  by  Brillson 
and  coworkers  is  discussed *.  An  accompanying  reply  by  Brillson  expresses  concern 
at  our  treatment  of  his  work2.  The  following  response  presents  a  clarification  of  the 
issues.  We  will  consider  the  prototypical  example  of  a  column  III  metal  (aluminum, 
gallium,  indium)  on  n-type  GaAs. 

The  work  function  of  a  semiconductor  is  given  by  $  =  £v,c  —  E,  =  EA  +  qVa 
+  w*  where  EA  -  £„«. - £c. iurf«,  is  the  electron  affinity,  qV1l  =  £,  ,utf,„ -  £,  bulk  is 
the  band  bending,  and  wb  =  (£e  —  £f)h«»k  's  the  bulk  potential  (Fig.  1).  Two 
experimental  techniques  have  been  used  predominantly  to  study  the  evolution  of 
these  parameters  during  Schottky  barrier  formation.  UV  photoemission  spec¬ 
troscopy  (UPS)  samples  the  energy  distribution  of  valence  electrons.  This  sampling 
occurs  quite  close  to  the  surface2-4;  thus  (£f and  ql'n  may  be  found 
(Fig.  2)5.  In  particular,  changes  in  the  band  bending  q  Vn  during  adatom  deposition 
may  be  determined  unambiguously.  Contact  potential  difference  (CPD)  or  Kelvin 
probe  measurements  determine  changes  in  the  work  function  of  the  surface  under 
study.  Since  we  have  <j>  —  EA+qV9  +  w*  measured  changes  in  <t>  can  result  from 
changes  in  electron  affinity,  band  bending  and  bulk  potential.  tvb  is  constant  at 
constant  temperature. 

Initially,  after  a  “good”  cleave,  the  semiconductor  bands  are  flat;  i.e.  the  Fermi 
level  at  the  surface  is  unpinned  and  <jf'B  =  0.  After  submonolayer  metal  deposition, 
both  «f  kg  and  EA  may  change  and  contribute  to  changes  in  tj>.  Changes  in  q  I  j,  are  due 
to  additional  surface  state  formation  and  may  be  measured  by  UPS.  The  band 
bending  adjusts  so  that,  if  wc  ignore  screening  effects,  the  charge  Q„  in  the  surface 
states  is  balanced  by  the  space  charge  QK  in  the  depletion  region  such  that  Q„ 
+Q„  —  0.  Changes  in  EA  arc  due  to  near-surface  (or  “interfacial")  dipole  layers 
arising  from  electron  transfer  between  the  adatoms  and  substrate  atoms  and  from 
local  effects  such  as  changes  in  exchange  and  correlation.  Brillson  and  coworkcrs 
have  used  the  notation  to  represent  the  magnitude  of  the  interfaced  dipole.  The 
work  function  changes  by  the  sum  of  the  changes  in  q  I',  and  £A,  and  Us  variation 
may  be  determined  by  the  CPD  ( Kelvin  probe)  technique. 

The  unified  model  has  been  described  in  detail  elsewhere*"*.  The  salient 
features  of  our  results  are  that  at  low  adatom  coverages  (less  than  a  few  tenths  of  a 
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monolayer)  changes  in  qVa  dominate  the  changes  in  4>-  In  fact,  we  find  that  Fermi 
level  pinning  is  complete  for  a  wide  variety  of  overlayers  by  about  0. 1  monolayer.  At 
thicker  coverages  £A  changes  such  that  <£  approaches  a  value  characteristic  of 
mbces  of  thick  layers  of  the  adatom.  This  process  is  generally  complete  by  one  to  a 
fine  monolayers.  These  conclusions  have  been  reached  as  a  result  of  direct 
measurements  by  ourselves,  by  calculations  from  measurements  by  Monch  and 
Gant*,  and  are  consistent  with  the  results  of  studies  of  cesium  on  GaAs  by  Derrien 
and  (f  Avitaya10,  Gregory  and  Spicer1 1  and  Allen  and  Gobeii12,  and  silver  on  GaAs 
by  Palau  era/.12 

Since  changes  in  ^  are  due  to  changes  in  both  qVt  and  EA.  there  is  a  need  to 
separate  these  contributions  in  a  CPD  measurement  MSnch  and  Gant  have*used 
the  temperature  dependence  of  the  CPD  to  separate  these  effects.  Their  results 
confirm  our  own  (see  ret  1,  Fig.  3). 


fbL  Mwni energy Iwh of an Kypt «— icoajuctor  with  Fenni  level  pinning at  the  wrfacc. The 
work  hactioa  0,  electron  £„,  band  beading  q  Vm  and  bulk  potential  wk  art  shown. 


HgZ  Thee— iwuwwof  tendcondmmr band  bending by  the phomnniieion  technique1.  In  the  right- 
bind  fwaidttmniiiation  of  the  Fermi  level  hyphntoemtwinn  from  a  metal  atUmtralcd.  In  the  left-hand 
pari,  the  pontkm  of  the  valence  band  maximum  relative  to  the  prevtomiy  determined  Fermi  level  i» 
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Brillson  and  coworkers  have  suggested  a  different  mode!  for  Schottky  barrier 
formation  in  which  changes  in  £A  (due  to  dipole  formation)  dominate  at  low 
coverages  and  significant  changes  in  qVa  occur  at  coverages  up  to  several 
monolayers14, 1  *.  CPD  measurements  were  used  in  their  work  to  determine  changes 
in  Comparison  with  data  from  Monch  and  Gant9  and  ourselves6'*  indicate  that 
changes  in  <j>  at  tow  coverages  arise  mostly  from  changes  in  not  £A  as  assumed 
by  Brillson  and  coworkers  (see  ref.  i.  Fig.  4).  This  assumption  is  central  to  their  , 
work.  Similarly,  changes  in  £A  dominate  changes  in  <j>  at  high  coverages.  Thus,  at 
low  coverages  surface  state  production  appears  to  dominate  the  changes  in  <p,  and  at 
high  coverages  surface  dipole  formation  is  dominant. 

Brillson  and  coworkers  have  based  their  different  interpretation  upon  surface 
photovoltage  (SPV)  measurements.  In  this  technique  the  difference  between  <t>  in  the 
dark  and  under  intense  illumination  is  measured.  They  have  interpreted  the  SPV  at 
high  light  intensities  as  the  total  amount  of  band  bending.  This  assumes  that  the 
incident  light  flattens  the  bands  completely.  This  is  unlikely,  as  we  show  below. 

In  Fig.  3(a)  the  equilibrium  electron  and  hole  currents  toward  the  surface  in  the 
dark  are  shown.  In  equilibrium  there  is  no  net  flow  of  current  With  light  of  liv  >  Et 
incident  on  the  surface,  there  is  at  first  a  net  positive  current  toward  the  surface  ( Fig. 
3(b)).  This  is  due  to  the  separation  of  electron-hole  pairs  created  in  the  space  charge 
region  and  the  subsequent  flow  of  holes  to  the  surface.  These  holes  most  likely 
recombine  with  electrons  in  surface  states;  in  any  case,  the  amount  of  negative 
charge  at  the  surface  is  diminished  and  the  amount  of  band  bending  decreases. 

-  As  the  band  bending  is  decreased,  the  flux  of  electrons  thermionically  excited  to 
the  surface  increases  by  a  Boltzmann  factor.  The  hole  flux,  however,  is  approxi¬ 
mately  constant  at  a  given  light  intensity.  Thus,  steady  state  occurs  when  the  band 
bending  presents  just  that  barrier  to  the  thermionic  emission  of  electrons  which  is 
required  to  make  the  electron  and  hole  fluxes  equal  (Fig.  3(c)).  This  decrease  in  band 
bending  is  the  measured  SPV;  it  will  be  less  than  the  total  band  bending  by  a 
correction  factor  which  has  been  estimated  by  McGill  et  of.16  and  presented  in  deta  " 
elsewhere1.  This  correction,  in  fact,  is  about  0.4  eV  under  the  conditions  fo;  which 
Brillson  and  coworkers  claim  their  SPV  equals  qVB.  Our  correction  assumes  a 
sufficiently  high  surface  recombination  rate,  but  many  studies  indicate  that  surface 
recombination  on  GaAs  is  quite  high17'20. 

In  his  response  to  our  paper2,  Brillson  claims  our  corrections  assume  “. . .  a 
Richardson  model  of  the  metal  as  an  infinite  sink  for  electrons,  [and  arc]  not 
applicable  to  the  case  of  [only]  a  few  angstroms  of  metal  on  a  semiconductor 
surface"2.  This  is  incorrect.  Our  correction  simply  assumes  that  thermionic 
excitation  of  electrons  from  the  neutral  region  of  the  semiconductor  over  the  band 
bending  barrier  occurs.  When  the  band  bending  is  reduced  to  the  point  where  this 
electron  current  balances  the  drift  of  pholoexcited  hol-s  to  the  surface,  steady  state 
occurs.  If  the  surface  recombination  rate  is  sufficiently  high,  as  many  experiments 
suggest,  this  is  trivial  However,  even  if  some  build-up  of  carriers  at  the  surface 
occurs,  our  correction  will  not  be  significantly  in  error  provided  the  cross  sections 
for  electron  and  hole  capture  by  the  surface  states  arc  such  as  to  cause  the  excess 
electron  and  hole  surface  concentrations  to  be  comparable. 

Figures  1  and  2  of  Brillson's  reply  purport  to  show  agreement  between  his  work 
and  ours2.  However,  in  both  figures  Brillson  plots  his  value  for  the  semiconductor 
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(c)  mcwiw  GaAs 

Fig.  3.  The  evolution  in  time  of  the  SPV  at  a  semiconductor  surface  with  Fermi  level  pinning,  (a)  In 
thermal  equilibrium  there  is  no  net  flow  of  current  to  the  surface.  The  electron  current  due  to  thermionic 
excitation  of  majority  carriers  over  the  barrier  is  exactly  balanced  by  thedrifl  of  minority  earners  from  the 
bulk  and  from  generation  in  the  space  charge  region.  |bl  When  light  (hr  >  £,)  has  been  on  for  a  time  too 
short  to  achieve  steady  slate,  there  is  a  net  flow  of  positive  current  toward  the  surface.  This  current  will 
tend  to  flatten  the  bands,  (cl  With  the  light  on.  at  steady  state  the  band  bending  has  been  reduced  and  the 
electron  current  toward  the  surface  correspondingly  increased.  Now  the  electron  and  hole  currents 
toward  the  surface  are  equal 

band  bending  qVn  plus  the  interfacial  dipole  A*0  and  compares  this  with  our 
measured  value  for  the  band  bending  q  l  R  alone.  So  the  data  as  plotted  in  Figs.  1  and 
2  of  Brillson's  reply  arc  in  disagreement,  unless  Ay0  does  not  contribute  to  the 
barrier.  We  argue  below  that  the  intcrfacial  dipole  &Xo  may  contribute  to  the  work 
function  and  electron  affinity,  but  not  to  the  barrier  height. 

Brillson  and  coworkcrs  have  suggested  that  an  AI-GaAs  replacement  reaction 
is  the  origin  of  this  intcrfacial  dipole  Agm  which  they  say  adds  to  the  barrier 
height u,il.  However,  our  results  show  that  the  development  and  final  height  of  the 
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barrier  is  the  same  for  gallium  as  for  aluminum  overlayers >a*~s.  Obviously  a 
replacement  reaction  has  no  meaning  for  gallium  overlayers  on  GaAs.  Since  we 
observe  identical  barrier  heights  for  the*:  two  metals,  replacement  reactions  must 
not  be  important  in  determining  the  barrier  heights  in  these  systems.  The  barrier 
height  is  also  the  same  for  indium,  oxygen,  cesium,  germanium  and  antimony 
overlayers  on  GaAs<  1 10) 

The  resolution  of  the  discrepancy  associated  with  Figs.  1  and  2  of  Brillson's 
reply  consists  of  corrections  to  the  interpretations  of  Brillson  and  coworkers.  The 
interfacial  dipole  A*0,  even  if  present,  is  irrelevant  to  the  barrier  heights  measured 
on  practical  devices.  This  is  because  electrons  may  readily  tunnel  through  such 
barriers.  The  tunneling  probabilities  have  been  calculated  for  simple  models  of  the 
barrier  shape  by  ourselves 1  and  Brillson2 ;  both  groups  obtain  a  probability  of  about 
(L3,  which  would  not  contribute  significantly  to  the  barrier  height.  Furthermore, 
midgap  states  have  been  detected  by  deep  level  transient  spectroscopy  at  GaAs  grain 
boundaries22.  In  this  environment  no  interfacia!  dipoles  are  likely  to  be  present,  yet 
the  energy  of  these  states  is  in  accord  with  the  Schottky  barrier  heights  measured  on 
Al/GaAs  diodes. 

As  evidence  that  these  interfacial  barriers  are  an  impediment  to  tunneling. 
Brillson  mentions  examples  of  interfacial  oxide  layers  20-30  A  thick  contributing  to 
measured  Schottky  barrier  heights.  However,  the  tunneling  probability  depends 
exponentially  on  thickness,  and  these  layers  are  significantly  thicker  than  the 
interfacial  dipoles  which  are  related  to  electron  affinity  variations.  These  dipoles 
have  thicknesses  of  atomic  dimensions,  characteristically '*• 1  *  2-8  A. 

A  second  correction  necessary  to  resolve  the  discrepancy  in  Figs.  1  and  2  of 
Brillson's  reply  is  to  realize  that  the  high  intensity  light  used  in  the  SPV  experiment  i> 
insufficient  to  flatten  the  bands.  Thus  the  values  claimed  by  Brillson  and  coworkers 
for  the  semiconductor  band  bending  are  smaller  than  the  actual  band  bending. 

In  fact,  even  the  values  given  by  Brillson  and  coworkers  for  the  semiconductor 
band  bending  qVa  in  Fig.  3  of  their  reply  are  larger  than  their  measured 
photovoltages  published  in  ref.  14,  Fig.  I.  We  illustrated  this  in  Fig.  6  of  our  original 
paper,  where  we  plot  Brillson's  published  photovoltage  data.  We  find  it  impossible 
to  reproduce  the  values  quoted  by  Brillson  and  coworkers  for  qVa  from  their 
published  SPV  data. 

Brillson  in  his  reply  to  our  paper  quotes  photovoltages  in  excess  of  known 
barrier  heights  for  gold  on  n-GaAs(l  10)  as  an  argument  against  our  corrections  to 
his  SPV  data.  However,  recent  work  by  our  group  shows  unusually  large  barrier 
heights  for  this  system  and  suggests  that  the  exact  barrier  height  obtained  may 
depend  particularly  on  the  extent  of  contamination  at  the  interface,  the  deposition 
rate  and  post-deposition  heat  treatments22'24.  Gold  behaves  so  differently  from  the 
other  materials  discussed  above,  it  is  clear  it  must  be  considered  separately  from,  for 
example,  aluminum. 

There  is  also  continuing  disagreement  with  regard  to  the  rate  of  Fermi  level 
stabilization.  The  phrase  "Fermi  level  stabilization"  is  ambiguous,  because  it  must 
be  determined  from  the  context  whether  this  includes  the  surface  (or  interfacial) 
dipole  or  not.  The  debate  actually  centers  around  the  rate  of  harrier  height 
stabilization.  We  attribute  the  barrier  height  solely  to  the  band  bending  </!'„  and  find 
that  </l'a  is  essentially  constant  above  a  few  tenths  of  a  monolayer  of  adsorbate. 
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Brillson  and  coworkers  equate  qVn+ &Xo  with  the  barrier  height  and  find  that  the 
barrier  height  undergoes  significant  changes  up  to  coverages  of  eight  monolayers. 
That  the  barrier  height  equals  q  Vn,  not  q  Vn  +  A/0,  was  argued  above.  The  changes  in 
potentials  which  Brillson  and  coworkers  see  from  a  few  tenths  to  eight  monolayers 
are  changes  in  the  electron  affinity  and  work  function,  not  in  the  band  bending. 

In  conclusion.  Brillson  and  coworkers  have  measured  changes  in  the  work 
function  0  up  to  several  monolayers  of  aluminum  on  GaAs,  and  they  attributed  the 
changes  in  <p  at  higher  coverages  to  changes  in  the  band  bending  r/l'R.  However,  data 
from  ourselves  and  others  for  aluminum,  gallium,  indium,  germanium,  antimony, 
cesium  and  oxygen  overlayers  on  GaAs  show  that  in  all  cases  the  band  bending  is 
complete  for  submonolayer  coverages.  Brillson  and  coworkers  have  also  assumed  a 
contribution  from  interfacial  dipole  layers  to  the  measured  Schottky  barrier  height. 
However,  electron  tunneling  through  these  thin  layers  precludes  such  a  con¬ 
tribution,  as  shown  in  extensive  work  with  cesium  overlayers  on  GaAs.  Here,  large 
reductions  in  electron  affinity  and  work  function  arising  from  surface  dipoles  can 
only  be  explained  by  electron  tunneling  through  the  dipole  layers10'12.  If  these 
corrections  are  taken  into  account,  good  agreement  between  the  data  of  Brillson 
and  coworkers  and  the  rest  of  the  literature  can  be  obtained. 

1  W.  E.  Spicer.  S.  Eglash.  I.  Lindau.  C.  Y.  Su  and  P.  Skeath.  Development  and  confirmation  of  the 
unified  model  for  Schottky  barrier  formation  and  MOS  interface  states  on  III-V  compounds.  77iin 
Solid  Films.  49(1982)  447. 

2  L.  J.  Brillson.  Surface  photovoltage  measurements  and  Fermi  level  pinning:  comments  on 
" Development  and  confirmation  of  the  unified  model  for  Schottky  barrier  formation  and  MOS 
interface  slates  on  lll-V  compounds".  TUin  Solid  Films.  89  ( 1982)  L27. 

3  I.  Ltndau  and  W.  E.  Spicer.  J.  Electron  Spectrosc.  Relal.  Phtnom..  3  (1974)  409. 

4  M.  P.  Scab  and  W.  A.  Dench.  Surf.  Interf  act  Ana!..  I  ( 1 979)  2. 

3  G.  F.  Derfaenwick.  D.  T.  Pierce  and  W.  E.  Spicer.  Methods  Exp.  Phys..  II  (1974)  84 

6  W.  E.  Spicer.  I.  Lindau.  P.  Skeath.  C.  Y.  Su  and  P.  Chye.  Phys.  Re r.  Lett..  44  ( 1980)  420. 

7  W.  E.  Spicer.  P.  Skeath.  C.  Y.  Su  and  I.  Lindau.  Proc.  I5lh  lot.  Conf.  on  Physics  of  Semiconductors. 
Kyoto.  1980.  in  J.  Phrs.  Soc.  Jpn.,  Suppt.  A.  49(1980)  1079. 

•  W.  E.  Spicer.  I.  Lindau.  P.  Skeath  and  C.  Y.  Su.  J.  Voc.  Sci.  Techno!..  (7(1980)  1019. 

9  W.  Minch  and  H.  Gant.  Phys.  Rev.  Leu..  48 (m2)  512. 

10  J.  Demen  and  F.  A.  d'Avitaya.  Surf.  Sci..  65  (1977)  668. 

11  P.  E.  Gregory  and  W.  E.  Spicer.  Phys.  Rev.  B.  12  (1973)  2370. 

12  F.  G.  Allen  and  G.  W.  Gobeli.  Phys.  Re r..  144  ( 1966)  558. 

13  J.  M.  Palau.  E.  Testcmale  and  L.  Lassabatcre,  J.  Vac.  Sci.  Technol..  79(1981)  192. 

14  L.  J.  Brillson  and  D-.  W.  Kruger.  Surf  .  Set..  702(1981)518. 

15  L.  J.  Brillson.  R.  Z.  Bachruch.  R.  S.  Bauer  and  J.  McMcnamin.  Phys.  Rec.  Lett..  42  (1979)  397. 

16  T.  C.  McGilL  J.  O.  McCaldin  and  D.  L.  Smith,  personal  communication.  February  1979.  August  14. 
1961. 

17  H.  C.  Casey.  Jr.,  and  E.  Buchkr.  Appl.  Pliys.  Lett..  30 ( 1977)  247. 

II  C.  A:  Hoffman.  H.  J.  Gemtsen  and  A.  V.  Nurmikko.  J.  Appl.  Phys ..  31  ( 19801 1603. 

19  C.  A.  Hoffman.  K.  Jarasiunas  and  H.  J.  Gemtsen.  Appl.  Phys.  Lett..  33  ( 1978)  $36. 

20  G.  P.  Peka  and  L  G.  Shepl.  Sov.  Pliys.  ScmiamJ..  (0(1976)  1 140. 

21  C.  B.  Duke.  A.  Paton.  R.  J.  Meyer.  L.  J.  Brillson.  A.  Kahn.  D.  Kananr.  J.  Carrili.  J.  L.  Yeh. 
G.  Marjaritondo  and  A.  D.  Katnani.  Phys.  Re r.  Lett..  46  ( 1981 )  440. 

22  M.  Spencer.  I'li.D.  Disseriatiim.  Cornell  University.  1980. 

23  P.  Skeath,  C.  Y.  Su.  1.  Ilino.  I.  Lindau  and  W.  E.  Spicer.  Appl.  Phys.  Lett..  39(  1981)  349. 

24  W.  O.  Petra.  I.  A.  BabaloJa.  P.  Skeath.  C.  Y.  Su.  I.  Hino  I.  Lindau  and  W.  E.  Sptecr.  PCSI-9. 
AsUomar ,  1982.  in  7.  Vac.  Sci.  Techno!.,  lu  be  published. 


I.  Lindau  and  W.  E.  Spicer,  "The  Use  of  Synchrotron  Radiation  to  Study 
Oxygen  and  Metal  Overlayers  on  GaAs  (110)  Surfaces,”  in  Electron 
Spectroscopy;  Theory,  Techniques,  and  Applications,  Ed.  C.  R.  Brundle 
and  A.  D.  Baker  (Academic,  1981),  p.  197. 


Chapter  A  in  "Electron  Spectroscopy;  Theory,  Techniques 
and  Applications,"  Vol.  4,  edited  by  C.  R.  Brundle  and 
A.  D.  Baker,  (Academic  Press,  New  York,  1981). 


-.ii  r=  ■*-  -rtV,: 


*  ■'*■  *  ”*»  “*•  yteiFfG?  ’  4rV^s?^r'V' 

•’.  v:  t;  ■ '*4. 

'  rr  v\  -  ">  ••  „  '  *,  V'  **.  •••*  vr.V-*>.  ..  , 

*■"  •  _ •.  .'-v..*-.;  f  :*■ 


'  >  •'  ’  -  •  w»  ’W^  ’  :£' 

"*4*  >.*.  *  A 

-•  •  ■':  I 

v  -»  ,,inA>K**:  r  ■•Ai-  -■  ■ '-  '’•«- 

A  _  -L.W  ■*  ^  Y-’-: v*r:-:  L-r  T  -  .  .. 

'  •  -  ■■?'*. V-'. 

-  '•'*'  '•'  ■-•  V  '%$&*&- 

'  ■  ■  '  :  Tv:  W-'  -V: 

■  -  rr- 


C 

2  1 
II 

C3  £ 

x)  > 

as 

§s 

c  -o  « 

rr  ^  O 

O  §  t=S 

C  03  U 

>»  C  s> 

c/3  5  C/3 

°  &2 

SO- 

>0  >»  «a 

o  "2  < 

Si3 


£88  85  SS22:  2  2S  SSSHSSSSS  3 

N«(SNN  <N  NN  <N<NNMN<NNN  N 


AS  .3* 

u  1 

a  1 

a.  * 

5/3  I 

ai  3 

£  .3 
1  1 
3  3 

a  "2 

3  IS 


*<  *  •  a 
8  ^  .  55 

Is '  ■= 

2*3 

1 

»$!  •  I 
ofi  a 

Sw'c 

U|S  | 

liSJa 

i;i|- 

1-2  S|2* 


2  -1^ 
£  aff 
g.  o  i 

M  "Sg 

■a  •  5  a 


Si  ill  -I  ill  |  • 

f3ss*  is.ai£o 
r‘  "Is®  fslt  I  J 


jt  § 

u  si  ?  _S 


S  •  >. 
2  = 

1  .1 
E3 

*o  O'- 


4  I?  ll® 

u  e  I  |  0-1 

“  '&|  J®! 

=  ? O  2=5 

®  •  o  a  •  £  &£ 

5  'a  —  v  S’, 


w  >>  S‘  » 

-  _  ^  “  Sfi  q  - 

•8°  •js°-S-2,5S 
£  -3  S.'S  -3  S  *  a  H 


.  .  .  e  J 

».{S 

.  .6-3.= 
l|o5 

■fill 

•  O  Jm  *  O 
3-5  =  ^ 
•O  |  §■§ 
.S|  S«g 

jf=  S5f- 


■gap 


.«.  .  ■•!.  •«* 

Q  O  <  os'  o  O  ulih  OXS<a’UOOO 


t 


Ui 

Cj 

< 

u. 

ac 

3 


•< 

a 


o 


(1. 


o 


> 


* 


ai 

* 


S 


X 


3-S  § 

5  8,  = 

“  e  .3 

“S3 

|S-S  j» 

III 

3  c  T) 

M  5  3 

Ikes 

2  3  2  3 

<£  .j  ^  ° 

3  -  g  J 

"  I** 
«  s  -J  -3 

■g'il  s 

3  _  X 


e  3 

il 

w  a 

1  I 

■“  i 

■A 

1  8 

o  i 

2  & 


£  Si  a.  U 
5  2  —  3 

•S-S  S  §| 

8  S3  s  «  u 

J  *  §  ■  § 

S  “  3  «  - 
>  g  fi.  96 

jja?  l 

s  3  1  -2  i 

“■8  2  J!  e 

11-21  o 

11  2  8 

1>  >,  '5  2  - 

S|IS  E 
"  S  O  u 
I  o5| 


«  >  J  w 

3  “>-s  a  s 
2  ■§  a  g  J 
«»S«_ 

8  -2  s  ”2  1 
d  o  .«  E  > 

^3  <3  &  -a  u 

» » a= 

S  S  “S  « 


C  Jt  c  = 
.2  S  .2  g 


•Ill 

3  8  15 

o  o  i  j. 
u  O.  ei-| 

5uS  g> 

gll? 

?  O  u  2 

*  2  ^  -r 
u  3  •£  § 

1 II 1 

U  .j  «•  S 


^  w  .. 

<  o  5 


3  «  «  « 

-=s8^i: 
I  |  'c  e  E 
a,  9  o  •* 

i  *  s- !  | 

j  jsis 

i  h!i 

i  -2  o  £  V 

4  -5 -8^  5 

Sc  Is 

as  J  |j  •£ 


t  LINDAU  AND  W  E  SPICE*  I  STUOV  OF  G»A.  (110)  SURFACES 


r  « J 

•SI'S 
.£  S  du 

l-a'-g 

f-  E  « 

*3* 

ill 

h  e  q 

«*■  8  g. 
o  e  e 
e  ™  .2 
■b  ?2. 
?  .2  a 


la* 


E  &! 

1  B1 

2  j&  l 

5  H  5 

g  jj  fr 

g  i  * 

Ill 

e 


£  w  — 

-  ,2  S 
S  *o  = 

<2  s  u 


«  if 
£-•*  -a 
§  "3  u 
5  -e  £ 

E  £  n 
«§  n  1 

5  *  i 

o  s  £ 

_  E  - 

nS-S 

c  u  * 

s|s 

x  =  - 

■O  M  U 


8  '5.  £ 

•ill 

■ell 

§  J  s 
a  I  i 

o  a  u 

jrs  Cb 
I  5  *3 

||  i 

5  &Q, 

!i§ 

1J  kn  C 

JS  £  a 

>  2  5 

t5  i 

®  &  8 

!|| 
5  c  ^ 
fj  a 
a-o  cn 


Hi 

ill 

s  8  -g 

-O 

«  £Z 
«  -  s 

!  1  & 

1  3  J 

a  o  <* 

£  V) 

g  o  3 

5  “  E 

:.ss 

HI 

ill' 

2  2  8 

Hit 

<a  ia  >  r 


mi&it 

i'll  i'll. 

£  o  o  «  -rT  o 
e  •—  s  *0  C  8  .2  1 

i  *  ©  s  r  ji  = 

5?  Mo  §;i 

fi.  3  e  “  ,«  s  ■ 

cA  ^  *3  •»  »*  It.  C 
(k  Q.  3  “  u 

fi  I  1 1  S.I’ 

s  13  111 

O  8  J  §  g-  !  K 

f  -S  I  5  2.® 

°  3  |  »  ®  o  g 

g  |  f  £  2  ■ 

5  >  vj  'q.  ~  C  ^  v 
2 

js  •*  **  a  o  “  2P 
«  o  ss  a.  S  a  S 

on  58  2  y  J;  —  ■ 

£  I  s  -5  S  3  g  ; 

_  ■o  «  ‘S  so  „  Si 
n  o  2  —  5  ‘S  £  i 

e  J  £  •=  e  8.  °  ! 

Q  fl  U  C  ft  W  r  j 

3  S  o  ,?  »  f  *  j 

| 2  u  .2  n  £  j 

ft  3  i 

=  “•  3  5  =  2  g  < 

e  c  S  «  ,**  u  £  J 
c  “  9>  u  “■  »  n  * 

o.  S  £  .E  8  .2  .! 


g  £  8.^  3 

O  >  —  o 

SO  o  a  A  O 
c  >o  ^  — 

1 1 J  £  a 

II s  I? 

c  ‘S.§  g-.o 
n  'C  « 

2  £  c  *  “ 
o  c  ®  X  £  * 

1  o  2  - 

3  -2  «p  a  S 


vs  C  ft, 
O  o 

o.i  « : 

"5  —  H  . 

>  ai 

•X  ^  £ 

•A  >,  3 

E  S  E  ! 
u  a.  "E 
'‘■O  s 
*c  5  -3 


iSlsl 
‘S**5  §1 
^127? 
2  u  ft.’ft  e 
-  5  j:  .2 
^T«  2  *  o* 
2  ♦  n  a  a  ” 


£•  2  -2  sMi  C 

ft g  3= S  8 

ag 

I  -  t  a.=  e 


<  9  ^  «s  ^  V  ‘Ilk  CZ  X 


■Sf -ge! 


3  2»*“  g  =  ^c|«  §•=  s 

II 3 II illSsli 


lllillll!!! 


il 


S  2-5 


go  3  > 


ifiii 

3  E  <-  *  2 

h  S  O  3 

o  5  H 

s«|  SI'S 

5  2  E  |  3 

0  *  o  E  <S 

llfsl 

3-SilS 

]||i: 

lifil 

1 2  e  1 J 

at  **  C  o  • — 

1!  ill 

ii!i| 

>*a  ao“"  °* 
js  -a  >»  .  „ 

■p  3  3  ^  c 

5  js  0  0.  o 
.•s  «*  J  £  ‘5 
is2  S-i 
J  iurj 

’  »  JOa 

«  "iaa  * 

2  2  8  ~  -3 

Hill 


®  S  s 

§  S  .  JL 

■s  a.  c  to 

e  !  -i  § 

so  -S  «  3 

te  .  -=  to 
c  o 

8  -  |  | 

32  l  ^ 

•CS5"  S 
Z  E  5  § 

I21  I 

ao  ^  £  O 

g  5  8  jj 

s  S4  2 

o  ,a  a  to 

2?|  £ 

!2i  I 
"iS  J 

S  ’S  2  * 

.2  0  c  » 
EZ-§  | 
2  2-3  2 

a  1  E  £ 
|  2  5  ,  ■ 

CA  S  U  U 


452 

3  2  2 

t  s| 

s-l  “ 

=  3  a 

a  g? 

■a  |8 
I  S  5  .£ 

;  E  *s  s2. 

Urn  a  V 
«.2« 

M  M  M 

121 

s  >>  ® 
«•§  S 
fa  8 

5*  o  2 
a.;  2 
E  O  o 

t>  o  — 

Jj  W.S'S 
•§  .E  ■£  .2 
=  .a  o  a 
5  E  s  .5 

5  2  -  S 

I  S  a-o  O 
>£  s  £  « 
8  E  o.  - 


J  ebi 

;]« 

Op  ’2  W 

tZ  &  0 

C  8  5 

3  dS 

sou 

s  -3  2 


E  g»  « 

(8  ^  of 

-S3  B  *3 

2  §  f 

*  S  §* 

5  J*  8 

ea  **  2 

o  c  r 

E  1  Z 
.S3fi 


£  §.s 

w  2 1 

j*<1 

•s  5| 
ESi 

3  -  ’C 

«  5  o 


ZSX2 

X3  «»'-'** 


s  -S  > 

-  -2  * 
3  3* 
■s  »  ? 

«  C  s 

J£  s  " 
C  £  £ 

111 

3  ..  a 


f  S  ° 
&Jt  C 
;gS-| 

Iff 

111 

111 

ill 

U  "  " 

■i=ss. 

cr<j»  U 
.8  *  w 
E|« 

5  g  r*‘ 
l  2  J» 

K  «=  bu 


- 

S2«-S 
80.S  2 


co  «—  o 
U.  o  -3 

°!1 


111 

S  *  «= 

0  2  S 

5  8  S 

•£  &  V 


Q  * 

O  \ 


3  2  J  ■■  1  2 

8  5  "  .a  E  2 

1 2  .a  e  "  s 

II  C  p  *  5 

o  « -s  £  2  2 


■  Sn 

too  / 


■gts  | 

9  E  8  « 

t  a  e-S 

0  —  h  « 
C  «  r»  e 

I13* 


•2  B  g  8 

§  *  i?  *g 

i;  JJ  0  3 
8  ai-  “ 
■a  E  s  « 


_lli 

s"fh 

w  *^.2  a 


Q  (*Wun  4jwita4b)(3)N  Q  /  Ju 

**«*.  /  7 

/  >/Q 

lilll  f /° 

bi _ ^ 


Jill 

B  ill 

%  ill 

:  }  I 


4  Q( 


<A*)W8A-  *2 


1S| 


B  m.E  *  £■£ 
g  o  |  .a  “  E 

■5  ills* 

e- SJ  “  s 
5  t  S'!  *  5 
S 1 3  3 !  ^ 

I  |’=^-=g 

1 1 1  •*  1 ! 

j£;Mi 

•1^  «k§ 

hii^i 
Mi 
55  sill 

I I  III  1 

il  olll 


•  Saga 
o  -g  s  8 

5  5  a  “ 
,  -e  c  -J 
*S  .J.  3 


;iis 

52li 

t  -{3  i 
§  5 3 

«iit' 

■=El2 

*h  Z  &> 


o  E  |_  js 

|S3  a 

«  2  |  S 
§  v  2  S 

Jfc  JS  P  w 

IS 

**  3  >  1 

-  •g  «  u 

2  2 


ill 

St! 


im 

i!n 

■®  §  I  g 

|I-s| 

IM! 


5  i  p ! 
ill  I1 
si  till 

m  3  *  01 

^s1 

!l!l 

I'll  =  1  .! 

1  |!l 

•8  i  I  3  *i 


*n  o  w  c 

2  i'll  g 

§  i  o  Is 

|jg.S  S'  E 
g  J  2 

o  8  8 

a  B  a  -n  *9 

J  Sg|| 

|Ijj5 

If  t 
iiif 

s  -  2  3  § 

||  Mf 

Iii?! 


i 


1 112 
&  j  |! 

2  2  J  o 

M  V)  M  O 

§§s  1 

3  3  3  Z 

«•  "  5  5 

>t  W  > 

S,as; 

ri;l  = 

g  «  M  :•; 

u  »  5£ 

25*5  |  g 
a  *8  *8  g 
-  5  ^  .a 
o  .2  c  s 
■c  a  I  .a 
■2  .§  S 
JS  =  s  * 
_  .a  aloT 

O  -a  x  .. 
w  «  r-> 

fall 

•J  -s  £  I 

JS-a  gis 

.  8  §  -S  | 

*£  3  c 

Sf-o.2 
•25.  S  = 

» -  _  .o 


§5 °£  "  § 

I  a  |  S  £  J 

l8£l*> 

Bt  8-sll 

ill  I®  | 
if  J  f  l-gp 

jiilip 

Ihli 

tl  Si  m 


I  I 


a  if 

L.  ■ 


(A«0  >-:3)  CH3IA  IVliHVd 


£3  s 

ow  w 

ii 


&3  3< 
2 


I* 

t\ 

•sS 

JI 

i  si 
ill 
*11 

1 1 

f  ar« 

ll 


"i-s° 

|  f  g 

•£  C  c 

.  </J  M 

>  tn  -O  3 
1  •»  c  «* 

I  £.2  J* 

U  O  - 
;  £  £  -O 
’  o  **  c 

!  a« 3 

l,uf  p 

i  i « g 
1  I  SB 

*  3  «  3 
:  8  o  o 

—  oo 
§  g.S 

!!  s  S 

:  *s  1 1 

Ll  §1 

i  «  s»< 
(■  «  8  8 
!•§  i*C 
1  2 
!  f  2  je 

!«  i  I 

o  «s 

i  £  O'  u 

:  .e  .cj>  *> 

i  S  U.  a 


s  «  a  i 

eil  i  § 


*  3  "2 
$l<3  s 
alii 
15  5  e 

2  c  *  g 

c  «  T3  e 

1  111 

3  &  3  | 

_  Q.  O 

3  2  « 

65  10 
g  5  i  JS 

oo  c  5  *5 
o  «2  S2  t- 

£  &  §  2. 

O'  .£  *  33 

.2$>  e  <  § 
£  £.8  § 
c  2  —  S 

is  si 
r  §•«*.£ 

<N  o  o 

s  “  8  5 
§  -a  a  S> 

2  a  5  2 
**  .2  «« 

£Q  w  M  S2 
z  2  g  «s 
P  o  c  w 

fa  fa  g  -g 
«?  09  Q.  — 

I  £  2  e 

Ull 

I  JJ 1 .1 


S-ssa^gE 

u-s  s| 

•B  e  T  o  k  c 
e  •£  ea  c  s»  o  a 

«*  —  **  >2  ao  u 

SB  j>  g  «  a  .£  3 

alallll 

.SiS«|.S* 


8* 
s  i 


a| o|!lf 

isj!  n 

i?Hi;  si 

|  i  5 1 1 3  ■*  I  -8  ■ 
s  5  3  j  •?  1  ^  2  5  : 

I:  a*ft  1 8  8  3; 


I 

II  >:  •• 


a  tf 

-ll 


t 


wot 

3001 

£ 

LiZ- 

800- 

=sz-i: 

UK 

86£* 

601  3 

04*1 

900 

£10- 

s*9o 

4001 

90Ot 

3 

6S*Ot 

981  Oi 

I 

!g!Pe«D 

OO 

OO 

£ 

530 

800 

,*€•43 

£l££ 

S6£* 

6S0-3 

KH 

OO 

ozt-o- 

0S9O 

9001 

90Ot 

3 

90SOT 

**TOl 

l 

tL  \v  13  JaXapj 

wot 

3001 

£ 

890- 

zzi- 

,TS-83 

S*3£ 

£S** 

080-3 

1ST 

900 

600- 

0S9O 

wot 

soot 

3 

C|uetuaae{{ 

S*Ot 

0301 

I 

pac  Jsihw 

£OOt 

£OOl 

£ 

u-n- 

10-fr 

»S£-93 

LZ  83 

1*3* 

680-3 

OS*- 1 

0900 

031-0- 

0040 

9001 

900t 

3 

888*Ot 

3II301 

r 

\l'!°  >*  UITB'M 

0 

0 

£ 

0S3- 

900 

.13-43 

£!£•£ 

S6£* 

6661 

3SH 

0 

0 

0590 

0 

0 

3 

*SSOt 

wool 

t 

,t  /a  13  8aoj. 

'ty-'ao 

l(0 

‘up 

Vtv 

T'tp 

T'tXp 

T’tv 

rjv 

T‘lv 

*0 

sy 

ja<(ei 

ajnpnjis 

(%)a*nwp 
«fl*ua|  puog 


(y  at  an  saatmstp  :$  -81  j  at  paagap  sjb  samiotuis  aip  joj  s/oquiXs  aqj.)  sjoibSiissaui 
puaAas  ot  Satpjoooa  (on)  sy*0  J°  *rep"S  pamnsaooag  aqi  joj  uaKepg  onuoty  aajqx  jsouuaddfi  sqt  at  satojv  aqj  jo  suorusoj 

i  aiavi 


gj  -9  -s 

"  ~o  «• 

“»  a  8 

*  I  • 

1  *  | 

j  ii 

2  n 


•  * 
I  1 


nK-iiu  f 

jnrr  jR* 

d  !l>  !!”  Y 


r  a  i 

L-i' 


\LL/  « 


v^v 


If 

111 

m 


Q  S  S 
ia«  a 

“  e  a. 

J  p  # 

C  J*  S  ' 

o  «*  tl 
—  S 

1M 

i  •'s 

g*  S  a. 

s  S  « 

g.S*{ 

8  *  =  < 

So  >—  g 

ill' 

i (2  §• 

<*  i  .9 

■Sla 

a 


.  e  «  a  e  * 

a •= «. 

I  s  i  i  « 

nil* 

JZ  C  w 

&51  is 
5  §  I  8  g 
,  ■£  w.  s  ao  a 

I  w  °  o  8  « 

Ill  3f 

Sills 

!  *  sill 

li  i  s*s  a 

I  o  !  "  I  s 

;  ;j*ii  s 

r  •§  l  s  § 

1*18  5* 

Hull 


e  B  .S 

•s  s  i 


’S» 


£>  »*  »  3 

«  §•  1  Z  6 
2  9  >>  . .  ■ 

.9  5  <  -®  — 

nm 


4  J-g 
o  “  5  .2 
1L  81  >>  Z, 

i2!  i 
lull 

BO  C  k  “ 

s  2P»  a 

.s 

i  a  a  £ 

ft** 

*  3  <.  -o 

lf|§ 

«p  o  2  « 

g  o  >.  S 

I  *-* 
.5*  §2 
ttta  "a  E 

Si  s  S 

i;ii 

fg  s  « 

ill! 
1**1 
i  !i§ 

■8  ell  Z 


»i-gs  *8  HU . 1 1 -Bis** 

lilill!  Ilf ‘ills! 


e  o  o 
.2  |  6 

III 

s  g  8 

v  8  «- 

•S-S* 

s  8.1 

•I  8 -a 


«!  .ill?  ill 

5|cl?l 5 8  111 

§.S||=  itlsis 

S  £'|  ST  if  I2 .5^ 

a  .3  |  =  -*“ 

Z 


ill 

2  -.1 
<e  S  a 

til 

i=5I 


*2  2  g-M  5 
IPe-2^ 
•8  8=  8|| 
8  -J  •£  «  «  U 

2  ■£  Z  b  oO 

3  _  «»  O  j3  . 

illfil 

^ Is!  1 S 

§  |  ■«  Si«| 

g2  |  S|f 

£  e  <5  o  >  « 


*2  e  a  o  *• 

S|j3S 

Si-a^i 

„  *»  S  £  .2 
-  "o  a  «  I  * 

islc|: 
**1 1 1 
fi  C  "  i,  a 

^  J  *3  ®  2 

s£  |ls 
lK<k 


i  s  “  S  «  J  S 

!|j  1  2  || 

u  ii  O  o"5 


y  2  2  a -9  s 

w  3  «  ?  w  Sg  e  G 

Si  ^  5  2  «.  P  *  *» 

Ms1-?."* 

s  aS  s  -S  |  i  ®-  g 
is  *S  !i<3  a 
*S5  2  l|  =  S 

:  «  fc.  X  w  o  M  5 


O  O  —  — f 
«  £  V  V 

s^ll 

8=  S  e 

*3  a  e 

&  «  O  -2 
g  «5  «  p. 

■S  b5  o 
b  o  e  .a 
s  tt  a  e 

%c  j*  >  5 
5®  «  -G 


»  -  u  a  =»  «  s 

8  s  f  g  «  * 
a  s  •»  g  a>0  2 


1  iSii.S.§-2 
sSco«i||=e^ 

•5=  Islf  S.S.$S  S 
•5  3  e* -  e  s  §  -?  |  .a  t, 

?3ogoE§i5|! 


?  8>  S  -2 


2  "S  §  H  8  -§ 

8  2  §  P  *  a 


*ga  gf 
js  a  §  .a  §  -s 
S  «  3  >  u  J 


ig"S3i^'S! 

S  §  si's  I  11j8‘ 

S  3  2  f  2  “£■;  |5 
!la§2!-g£|| 

*£*-5 *  f  .Sl-i  J. 

3-§l  e  c  «  8.8.3  &*■ 

?s8!l=s.sl|. 

S^e  5  o  £2-  ss  o 

i|i |t !jii? ! 

i  ssisl-saiiii 


g  S«  £ 

£®  «  -g 

g  »? 

®  .O  A  u 

J  2*3  §■ 

§  «  5 
3  *s  15  "** 

»  J2  *  u 

iSJ|f 
■S  8  go 

8  I  « .3 
s>.4S" 

« -°  s  c3 

so  S  3  a  • 


•sS'l'S 

§.■££•3  g 
s  ii^ : 

fi  W  ^  B0*“ 

b  ^  0  -n  S' 

si  3  1 

1^sS 

y  ca  «  2  ■« 

§  »  «  g  8 

■o  «  tj  a 
o  <  =  .2  3 

|Sj||5| 


C  C 

1-9.8 

S«  y  - 


8  8  >v 

£  so-® 

5  i ! 

s  o  .£ 

=  71 

■§<2  2 
t  u  0 

«  -  a 

W  s  3 


o  c  4  ><  •g 

|  .Bill 
1 1  I  ft  1 
I*  i  3 

X  u  B  C  lo 

&  >  .a  0  o 

J-j  §s  i 
ism 
iiiri 

—  k  B  O  § 
O  o  ■%  C 
gtSgB 
5  .  o  =  t» 

*  2  e  o 
»  e  jz  v-  C 

5  o  g  -g  r 

£  ®  >.  o  2 

if-  M  »1  C 

is  1 1*  § 2 

-  *1  6b 

6  *  >  H  u. 
o|  »  g  S 

|  o  §  a  | 

|2ji  i  I 

os  c«  r->  —  Jg 
t  -J  •;  e  ^ 

I  e  si  e?-2 
.2  e  a»-a  a 

1  .2  5  ?  2  a 
••5  §■  i2  M  5 
a  x  w  u 
1  a  o  u  a  js 
1  *  u  b  w 
!  e  |  a  >.  « 

2  O  =  «< 

w  fi/»  O  « 

2  «  o  is: 

1 J5  2  J  §  -*■ 

i  «  >  «••=•< 

!  “2  S 

I  c/j  a  —  c  * 


o  ^  J5 
i‘5'3 

-8-3 

*  I  s 

JS  §  S 

E  .8  « 

8.1 1 
«  -  E 

■s  §.g 

o  =  3 

’§■83 
III 
lj  * 

|  2  £ 
G  1  0 

■8X£ 

.1  a*= 

>  B  fa. 

*  V  O 

o  -5.  a 
S  ,SP  S 
•g  J=  O 

^  -S  £ 
b  a  y 
a  E  1 
£  a  O 
a  -5  E 


l-s=”S  «1 

1  ^ 
:30;  -a  J 
.£  0=  J  - 

2  3 

!«:•  J-f 

5  2  5".  8  _ 

1  Is;  I 

2  a  ®  1!  S  3 


SVBSJifebi-p 
.2  =  .2  O  S  <2  «  fi 

h  S  ia-£5^i 
f ?2I S  5  8? 


1  S| ss! 

'll  !£•! 

|Ii|l 

i  Jill! 


^  ; 


l|||| 

liPl 

{ill 

iIjI! 


11-5  |I|i  I 
Itji  li| 

iljinii 

I  ip  lip 

jll!  i  t 

C  iff! 

I I  s  I  -B 1 1  *s 

III!  if 


Hi  111 


2  8  o  *8 

3  J?  —  is 

a  5|1 

1=  "  «5  g 

-  2  ^  T3 

lii  a 
Jell 
I  Si  3 
is?  § 

nil 

ujj 

nil 
if  n 
ills 

ip 3 

iiu 

III* 

3isS 


o  2  |  Jog  3| 

•=1^  Is  =  S  8 

-33s;  *S  ®  J! 
O  ’S  u  S*rn  u 

l!a!£s°! 

|3  g  “-.s'S-s-s 
|lfi «|i f & 

lllllll! 


-  ^  a 

•S  E-3 

8<  o 

?!4 

"  .2  ^ 

ifc 3 

S'.!  8 

0  E  «n 


.88-83 

M  =  | 

«  2  &J= 

if  11 


lUllliSf! 

•s  5  tl  ?!  >r  •  ~ 


■Ml! 

I  8  11 


iiffiiflfn 


in  ifi! 

ill i Ssl 

i  l  *•  I  3  .8 


°  E  «g 

2l| 

tJI-a- 

ij.% 

8319 

-  <  ®  < 

|l  13 
•a  ■  2«» 

111! 

«  -  s  8 


0  2-  -  « 

1  is! 

J  “  8  B 

J  A  £  Ml 
^  »  °5* 

jvi: 

■S  5  si 

S.  Is 
Emm 
3  «  O  » 

ins  I 


Ilililli 


g-sll 

-si  si 


iii 


III! 

Ii|l 

Ills 

ills 

illl 

ill! 

e  *gi 

9  3a 


I.  UNDAU  AND  W.  t  SPICER  I  STUDY  OF  GaA*  (110)  SURFACES 


>»  "O  50  Yi  — 

!=  C  c  a  H  ■ 
■2  «  5.  a  .2 

.m  e  Vi  c 

*  *  e  c  5 

3  2  3  G.  2 
fl  d  K  y 
y  C  g 

=  iii- 

.£  £  k  .J 

|^S2- 

^  l>  -3  O  ^ 
n  g  c  w  o 
>  3  .=  _  ~ 
-  S  o  g  fi¬ 
ll  s.  J£  3 

3  5^*s  2' 

a  *  'T  "  2 


*\<S_ 


5,S 

5  I  " 

3  ■8«l 
«  -2 
5  |r 
£  Ilf 
«  x  i2 

*  *1! 


IJ 

A  U 

fc  >  >  — 

o  5bQ  c 

u£ 

r 

=  « 
II 

•J  aA  u 

s  «  c  y 
-  efl.S  4 

G  G  —  — 
3  «  i  y 

W  £ 

;  a 

la 

1/5  0 

.2  1 

Z  a  1 
Qu  i  w 

*S  **r 

>-2^8 
■“  S  a>  a 

§1  si 

is 

Sltn  a*§, 

5§  JS“. 

i.i/A  •  5 


g  ftJJ  S.2 

rt  £  O.  o 
«  2  3  S  —  ■ 

e  £  8  *2  x 

a  g  |  -8  £ 

>  «  i-  3  c 

tft  ^ 

i~  >\  *3  > 

4-  CO  23  o 

2x><*~ 

*>  e  -J  c  5 

O  0.3-  t=  o 
_  go  u  £ 

s  a  ' 


«  >>  =  3  S  5  * 

«  -fi  «  -  5^3 

•fi  S  o  « £  c  so 

l2”S|S£ 

E  .2  s  -3  }  o  *3 
■fi  £  3  -S  <  "2  2 

4  3  §  *  *c  !  1 

5  fi.  g  £  *  °  S 

o  §  a I  ®  2  s 

■S  -2  >>  2  w  2  " 

"  3  s  *2  *  .2 

ill  H  g  ft 
illl  £l  S' 

s  C  S  .s  -g  o  -g 

—  '5  °  !=  u  =  u 

o  a.  c  X  -3  K 

5  s  i « s  i  * 

f!  ®  8  2!.= 

■a  S  is  §  f‘2 

c  _c  o  >  *2  g  sj 
a  3  •<  J  >5  5  u 

:  s  ,.  j  2  c 

80^*0  ^  K  ><  ^ 

e  r  c  ^  £ 

»il 

Ilfs 

fi-  a.  c  •§, 

Q.  Q.  o  — 
0  «  O  -C 


?  a|.2.§ 

L  C  U  «  £ 

o  §  *a  ^  3 

:  S  -2  I  s  O 
!  2  £  ,2  5  -o 
[g*-  2  S  3 

•  oo  Q.  -o  0 


E  u  * 
3  2S  •-< 

3  s  8 

3  J  e 

I  o  S 


•EP  S  jj 
|Puj 

18  -S 

1  =  1 

w  .  5i 

ll  | 
1  s « 

-IOC 

•>  -  3 
ea  2  % 

i  o 

O  o  S 

jxi 

ivfl 

“  a  ■§ 

Ji  33 
■fi  a  >> 
P  K  u 


|J| 

8  -1 

iii 

s  u  a 

3 


O  i: 

J  f  S- 

Q.  •-  « 

e  U  oo 

£  J3  c 

s  SI 

3  «  ■£ 

-a?  3 

•lij- 

-Igl' 

z  I'l 

|e| 

I'S 

111 

9  O  g 

•|H 

B  s  u 

”  li.  g 

sell 

«*3 

■s  i  §■ 

<*  ®  3 
w* 

s !  -s 

Ji?| 

«  «  » 


t3  ^ 

o  2?  -  5. 

^li= 

c  " 

«  S  B« 

S  «  .2  £ 

|sa 

G*  «  *3 


g  2i  * 
»3  8  S 

II  £  S 

u  ?? 

Sis  8 

|  0^1 

S  -c  <2  B 

l«S>s5 

a  \ 

i  i-sz 

g,  X!  2  w 

i  i 

fir- 

£i-S 

iZ%l 

llfl 

1|!1 

I I I  8 

=  j  a  a 


act 

j=  “  o 
I?  o 

je  fc  •* 
-  E  w 

|8| 
» ^  i 

>>o  5 

"  2  o 

i  3-| 
i  §  ■ 

>  3  O 


5  |!2„»g2^ 

“2  -  ao  -g  >.-3 

y  2  ^  u  '  *s  *s 
^  i:  £  «  c  O 


lit 

a  if 

e  S  "§ 

«  a 2 
•a  5  -a 
G  u  S 

a|  g 

5?  E> 

«  si  1 

|  21 

« 4  i  . 

.  -g  -S  S.  s 

a  a  -a  &  2 

ll  1 1; 

l“3!7 


«  s  O  2  3 
5  -a  a  =  2 

g  g  i  |  S 

1:  a g 

II  g 
2|.il|: 

M  2  S  3  3  • 

I I I  i  I  ■ 
ill»l 
^ilii- 

s  a.  5  u  a 
?  § g: 
a-sl  I - 

o«  &  £ 


as  ■  -  B  «  •» 

iirgr 

*  -O  =}  o 

:  I  Si  17 

sli^ 

,0  L  EJ 

fclln: 


f  2-3? 
I  *3  2 

>  .2  g  c 

««  G  O  > 

Up 

J  3  o  8 

S  “>  M  fi 
■fi  a  _  a 

I  PJ 

|  It  | 

o  .a  «  5 
StS  Si 

V  g  |  s 

o|25 
5  S'  ®  « 
5  1.? 

s  in 

ini 

i«j! 

ll|f 

JJ1| 

|  |1  | 


The  exposures  with  excited  oxygen  are  performed  with  the  ion  gauge  in  the 
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Shihong  Pan  ,  Dang  Mo  ,  and  William  E.  Spicer  , 

Stanford  Electronics  Laboratories,  Stanford  University,  Stanford,  Ca  94305 

Douglas  M.  Collins 

Solid  State  Laboratory,  Hewlett-Packard  Laboratories, 

1501  Page  Mill  Road,  Palo  Alto,  Ca  94304 

We  report  here  on  progress  in  optimising  Schottky  barrier  heights  using  doped 
interfacial  layers  in  Al:GaAs  diodes  grown  in  a  molecular  beam  epitaxy  (MBS)  appa¬ 
ratus.  It  should  be  emphasized  that  these  contacts  were  grown  entirely  in  the  ul¬ 
tra-high  vacuum  (UHV)  environment  of  an  MBE  system,  because  this  allowed  us  to 
minimize  contamination  and  control  the  impurity  content  at  the  metal  semiconductor 
interface. 

Schottky  diodes  are  of  significant  technological  importance  because  of  their 
ease  of  fabrication  and  high  speed.  Their  usefulness  is  limited,  however,  by  the 
inflexibility  of  the  barrier  height:  for  many  semiconductors  the  barrier  height  is 
relatively  insensitive  to  the  choice  of  metal.  An  early  effort  on  Schottky  barrier 
height  modification  involved  Cu  diffusion  into  n-type  CdS3.  This  was  followed  by 
an  attempt  using  ion  implantation  of  Sb  into  p-type  Si2.  The  use  of  doped  interfa¬ 
cial  layers  to  modify  the  barrier  height  was  suggested  independently  for  Schottky 
barriers  on  Iii-V  semiconductors  by  W.  E.  Spicer  et  al.  as  a  result  of  their  de¬ 
tailed  understanding  of  the  process  of  Schottky  barrier  formation  on  these  materi- 


In  this  study  we  have  fabricated 
diodes  on  n-GaAs  epitaxial  layers  (n  ■ 
5  x  10*“  cm-3)  with  Be-doped  interfa- 
cial  layers  (p  -  10 18  to  10 20  cm”3) 
and  epitaxial  crystalline  Al  metal 
layers  (Pig.  1) .  The  GaAs  and  Al  dep¬ 
osition  conditions  were  chosen  to 
yield  the  most  abrupt,  "ideal”  inter¬ 
faces.  p+  layer  thicknesses,  t,  from 
50  to  360  8  were  investigated.  The 
barrier  heights,  as  determined  by  room 
temperature  I-V  measurements,  extend 
from  0.79  eV  for  Al  directly  on  n-GaAs 
surfaces,  to  heights  greater  than  1.1 
eV  utilising  a  p*  interfaeial  layer 


»■  , 
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Figure  1.  The  aetal-p+^n  structure  used  for 
Schottky  barrier  height  Modification  in  this 
work,  end  the  corresponding  band  diagram.  The 
Increased  barrier  height,  resulting  free  the 
negative  space  charge  la  the  fully  depleted  p ♦ 
region,  is  shorn. 
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(Fig.  2) .  The  ideality  factors,  n,  of 
thasa  diodaa  ware  1.04  to  1.21.  Soma  in¬ 
crease  of  n  above  unity  is  expected  for 
these  structures.  The  observed  increase 
will  be  compared  with  theory. 

Our  theoretical  calculation  of  the 
barrier  height  is  an  improvement  upon 
that  of  previous  workers,  and  utilizes 
an  understanding  afforded  by  our  unified 
defect  model  for  interface  states  on  II I  - 
V  semiconductors^.  The  unified  model 
gives  detailed  insight  into  the  energies 
and  densities  of  the  (defect-induced)  in¬ 
terface  states  that  pin  the  Fermi  level.  He  find  good  agreement  between  theory 
and  experiment  (Fig.  2) .  A  full  calculation  of  the  electrostatics  at  the  interface 
is  under  way,  but  it  is  evident  that  the  Schottky  barrier  height  on  GaAs  can  be 
engineered  to  any  desired  value  over  a  much  broader  range  than  previously  thought 

I— V,  C-V,  internal  photoemission,  and  temperature-dependent  measurements  have 
been  made.  These  results  were  interpreted  in  conjunction  with  model  charge  distri¬ 
butions  and  electric  potentials,  and  known  doping  configurations  to  lend  insight  to 
phenomena  at  metal : semiconductor  junctions. 

The  advantages  resulting  from  engineered  Schottky  barriers  include  lower  gate 
currents  and  reduced  noise  in  GaAs  MESFET's,  improved  performance  in  solar  cell  ap¬ 
plications,  as  well  as  increased  flexibility  in  circuit  design  with  diodes  of  dif¬ 
fering  barrier  heights.  Schottky  diodes  can  be  fabricated  having  large  barrier 
heights  approaching  those  of  p-n  junctions.  Since  these  are  majority  carrier  de¬ 
vices  they  should  not  suffer  from  the  minority  carrier  charge  storage  problems 
which  limit  the  speed  of  bipolar  devices.  Diodes  can  be  fabricated  that  range  con¬ 
tinuously  from  majority  carrier  Schottky  devices  to  recombination  dominated  p-n 
junctions.  These  devices  should  also  facilitate  the  study  of  transport  mechanisms 
at  rectifying  contacts. 
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Figure  2.  Effective  barrier  heights,  cal¬ 
culated  from  room  temperature  I-V  measure¬ 
ments  assuming  a  thermionic  emission  model, 
for  some  diodes  having  the  structure  shown 
in  Fig.  1.  The  solid  line  shows  the  pre¬ 
dictions  of  our  model. 
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